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Chapter1
Introduction
1.1 The Milky Way Galaxy
The Milky Way Galaxy is the home galaxy of our Solar system. Our Sun is
one of the billions of stars that make up this galaxy. The main component
of the Milky Way Galaxy has the shape of a disc similar to a flat “pancake”
with a diameter of about 100 000 light years and a thickness of 1 000 light
years. Because our solar system is inside the disk of our Galaxy, we observe
the Milky Way Galaxy from within as a diffuse glowing band on the night
sky. From our position in the Galaxy we can only see a glowing band of
stars, but we know that the Milky Way Galaxy is a spiral-shaped galaxy be-
cause of radio observations. Additionally, we see several other spiral galaxies
around us at larger distances, such as the Andromeda galaxy. As can be
seen in Fig. 1.1, the Milky Way Galaxy has a bar-shaped center and a disk
with a spiral structure (van de Hulst, Muller & Oort, 1954, Purcell et al.,
2011). Due to high rotational velocities, the stellar distribution into a disk
is dynamically stable. The majority of stars, gas and dust are located in
the disk. As a result of interstellar gas and dust, the Galactic center and
the spiral-shaped structure of the disk is not well visible in the optical from
our position in the Milky Way Galaxy. The most important spiral arms in
the Milky Way Galaxy are Perseus, Cygnus and Scutum. The Sun is in a
smaller spiral arm called Orion. The center of the Milky Way Galaxy is in
1
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Figure 1.1: The Location of our Solar system in the Milky Way Galaxy,
as mapped by modern surveys. (credits: NASA)
2
1.1 The Milky Way Galaxy
Figure 1.2: The Milky Way Galaxy as mapped out by William Herschel,
with the Sun just left of center, marked by a larger star. (William Herschel,
1785)
the direction of the constellation Sagittarius. The center of the Milky Way
Galaxy lies at a distance of 8 kiloparsec from the Sun and is identified with
the radio source Sagittarius A∗. The Milky Way Galaxy contains between
100 and 400 billion stars, but this number is uncertain since the number of
low-mass stars poorly known (Bahcall & Soneira, 1980). The oldest stars in
the Milky Way Galaxy are about 13 billion years old, slightly younger than
the Milky Way Galaxy itself, which is about 13.5 billion years old (Kalirai,
2012).
Already for hundreds of years it is known that the diffuse glowing band
in the night sky consists of an uncountable number of faint unresolved stars.
Around 1610, Galileo concluded this when he pointed his telescope at the
Galactic Plane. Around 1785, William Herschel used a larger telescope to
make a first map of the Milky Way Galaxy by counting a few hundred stars
along different lines of sight. He assumed equal brightness for all stars and
no obscuration due to dust and interstellar absorption, resulting in the map
of the Milky Way Galaxy shown in Fig. 1.2. In the 20th century, the use
of photographic plates to image the Milky Way still involved a lot of work
due to the large number of stars. For example, the survey in this thesis has
on average 6 000 stars per image or 20 000 stars per square degree, up to
500 000 stars per square degree in the direction of the Galactic center. The
number of stars per pointing depends strongly on the position along the
Galactic Plane. The crowding in combination with dust extinction makes
it difficult to distinguish the faint stars in the Galactic Plane. Since the
invention of the digital camera and the computer it is possible to avoid this
drudgery. Nowadays, the Galactic Plane is imaged in different wavelengths
3
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by different sky surveys (see Fig. 1.8), and greater depths can be achieved
by the use of CCD cameras and large telescopes.
1.2 Stellar remnants
Normal main-sequence stars like the Sun are in hydrostatic equilibrium: the
thermal pressure outwards, resulting from the fusion of hydrogen into he-
lium in the core, and gravity inwards, are in balance. After billions of years,
when all hydrogen is fused into helium, there is not enough pressure in order
to maintain the hydrostatic balance, so the core of the star will contract as a
result of gravity. During the final phase of stellar evolution a low-mass star
(M∗ < 8M) will shed its outer layer, which will remain visible for more
than 10 000 years as a planetary nebula. The temperature rises because the
core of the star contracts until a balance between the degeneracy pressure
and gravity is reached. A glowing remnant, called a “white dwarf”, with a
mass of ∼0.6M and with the size of the Earth, remains. White dwarfs are
the final evolutionary state of all stars with masses between 0.1 and 10 M.
The density of white dwarfs is extremely high: ρ∼109 kg/m3. White dwarfs
continuously cool due to the absence of fusion processes in their cores. Their
luminosity comes from the thermal energy which is radiated away slowly.
When white dwarfs first become visible after the planetary nebula phase,
their temperature is about 100 000 K, but most observed white dwarfs have
a typical temperature between 10 000 and 30 000 K. Due to the age of our
Galaxy, white dwarfs did not have enough time to cool completely yet,
therefore there are hardly any known white dwarfs cooler than 3 000-4 000
K.
The interiors of most white dwarfs are composed of carbon and oxygen,
but the only observable part of white dwarfs is the atmosphere. The com-
position of this outer layer is dominated by the lightest elements present in
the white dwarf, since gravity separates the elements in the white dwarf.
From spectroscopy, several types of white dwarfs with different atmospheric
compositions are known. About 85% of all white dwarfs show broad hy-
drogen absorption lines in their spectrum, these white dwarfs are labelled
“DA”. These absorption lines of white dwarfs are remarkably broad com-
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Figure 1.3: The gravitational Roche potential of a compact binary and
its projection onto the plane of orbit. (credits: Marc van der Sluys)
pared to normal stars because the pressure on the surface of white dwarfs
is very high as a result of the temperature and gravity. Furthermore, DB
white dwarfs show helium absorption lines, DC white dwarfs have a con-
tinuous spectrum without lines, DQ white dwarfs have carbon lines, DZ
white dwarfs have metal lines (e.g. Mg, Ca, Fe: all elements with a higher
weight than helium, except carbon) and DO white dwarfs have HeII lines.
Combinations of spectral types can be made, such as, for example “DAB”
for a white dwarf with both hydrogen and helium absorption lines. Finally,
additional labels may be added to indicate emission (e), polarization (p),
variability (v), or magnetism (m). The classification of white dwarfs is fully
described in Sion et al. (1983) and Wesemael et al. (1993).
1.2.1 Binary Stars
A binary star is a star system consisting of two stars bound by gravity,
orbiting around a common center of mass. The two stars can come in a
5
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closer orbit during the evolutionary end phase of the most massive star.
At this stage the less massive star finds itself in the expanded outer layer
of the massive star, which has become a red giant. Due to friction the
binary system looses orbital angular momentum and the distance between
the two stars decreases. Compact binaries consist of evolved stars in a close
orbit comparable to the size of the Earth-Moon distance and a period of a
few hours. The components in compact binaries are so close together that
they cannot be resolved into a visual binary, even through a large telescope.
The gravitational “Roche potential” of a compact binary is shown in Fig.
1.3. In some compact binary systems, mass can be exchanged when the
two components are close enough to each other for gravity to deform the
outer layers. Material from the less massive star is accreted onto the atmo-
sphere of the most massive star, most of the time through an accretion disk.
The less massive star (the donor) fills its Roche lobe and matter falls into
the potential well of the compact companion through the “inner Lagrange
point”. The accretion disk and boundary layer of the more massive star
(the accretor) are heated strongly and radiate large amounts of energy in
the form of strong ultraviolet (UV) and X-ray. Compact binaries can be
discovered from their blue/UV colours. They can also be discovered when
their brightness changes when accretion is unstable or when the two com-
ponents eclipse each other, which is only possible for compact binaries seen
edge-on. Characteristics such as the emission lines in Fig.A.10 become clear
from spectroscopy, which is necessary to confirm the compact binary nature
of the systems. In compact binaries, the brighter star is called the primary
and the fainter one is its companion star, or secondary. However, sometimes
the primary can be the faintest of the two stars, for example in Cataclysmic
Variables where the white dwarf is generally the primary, and brightness
depends on wavelengths, for example in the UV Sirius B is brighter than
Sirius A. In some cases the mass transfer is from the most massive to the
less massive star when the most massive component fills its Roche lobe first.
Another example of compact binary systems in which material is ac-
creted are “AM CVn stars” (Humason and Zwicky, 1947, Smak, 1967,
Roelofs et al., 2006 and Solheim, 2010). AM Canum Venaticorum stars are
named after star AM in the constellation Canes Venatici (Hunting Dogs).
Typical characteristics of AM CVn stars are the presence of strong helium
6
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lines and the absence of hydrogen in their spectra. AM CVn stars are in-
teracting compact binaries consisting of two evolved stars, with accretion
from a helium-rich donor onto the accretor. AM CVn stars have very short
orbital periods between 5 minutes and an hour, which increases during the
evolution of the systems. Currently, only 38 AM CVn stars are known, and
finding more systems is like finding a needle in a haystack. AM CVn stars
are found by their typical blue colour and variable characteristics. The blue
broadband filters and the He i λ5875filter make the UVEX survey very suit-
able for finding new AM CVn’s. So far no new AM CVn stars have been
discovered in UVEX, but a relationship between the orbital periods and the
(HeI − r) colours for the known AM CVn’s has been found. The relative
strength of the helium emission increases as the system evolves, which is
possible when the accretor (a white dwarf) cools, while the mass transfer
rate, which causes the emission, is constant or drops slowly.
Traditionally, surveys looking for white dwarfs and compact binaries
have always avoided the Galactic Plane due to the dust extinction and the
large number of sources. In EGAPS it is possible to identify these popula-
tions due to their hydrogen and helium emission or absorption lines, their
blue colours and their high proper motions. White dwarfs are traditionally
found because of their blue colours and high proper motions. Due to their
low-intrinsic luminosity they are only observable nearby within a distance
of a few kiloparsecs, even in modern surveys such as EGAPS. Currently, the
number of known white dwarfs is a few 104 and most of these white dwarfs
are located mainly at |b|>5◦. White dwarfs and white dwarf binaries are
Galactic populations, therefore they are strongly concentrated towards the
Plane of the Milky Way (see Fig. 2.1). EGAPS will add a sample of ∼10 000
white dwarfs (g<20) at |b|<5. This large and homogeneous sample is nec-
essary for binary evolution calculations and statistics.
Compact binaries are interesting because they are laboratories of ex-
treme physics. Their interacting components evolve through the final stages
of stellar evolution, which are still poorly understood. It is impossible to
derive all stellar characteristics from single stars. From eclipsing binaries it
is possible to determine the size and orbit radius directly, which allows other
stellar parameters to be estimated indirectly, such as masses and densities.
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Figure 1.4: The Isaac Newton Telescope, filling the cryostat in access
park (left) and taking skyflats (rights). (credits: Isaac Newton Group)
Another reason why compact binaries are interesting is that during their
evolution they radiate orbital angular momentum in the form of gravita-
tional waves. Gravitational waves deform space-time while they propagate
outwards from the binary system. Currently, there is only indirect evidence
(Hulse-Taylor pulsar, Hulse & Taylor, 1975) for the existence of gravita-
tional waves because the weak signal is hard to detect. Gravitational wave
projects such eLISA (Laser Interferometer Space Antenna) will be sensitive
to the gravitational waves emitted by the Galactic population of compact
binary systems found by EGAPS.
1.3 European Galactic Plane Surveys (EGAPS)
The European Galactic Plane Surveys (EGAPS ) image a 10◦×360◦ wide
strip centred on the Galactic Plane in the broadband filters U , g, r, i and
narrow band filters Hα and He i λ5875 (partly). The EGAPS filter pass
bands are shown in Fig. 2.2. The surveys enable photometry of the to-
tal Galactic Plane down to 21st-22nd magnitude for a billion sources. The
northern part of EGAPS is realized by the INT/WFC Photometric Hα Sur-
vey of the Northern Galactic Plane (IPHAS, Drew et al., 2005) and the UV-
EXcess Survey of the Northern Galactic Plane (UVEX , Groot et al., 2009)1.
The southern counterpart of IPHAS and UVEX is the VST/OMEGACAM
Hα Survey of the Southern Galactic Plane (VPHAS+). The surveys IPHAS
1IPHAS and UVEX websites: http://www.iphas.org and http://www.uvexsurvey.org
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and UVEX started in 2003 and 2006 respectively using the Wide Field Cam-
era on the 2.5 meter Isaac Newton Telescope (INT) at La Palma (Fig.
1.4), covering the northern Galactic Plane at latitudes |b|<5◦ and longi-
tudes 30◦<l<220◦ at 0.33 arcsec/pixel scale. The northern part of Galac-
tic Plane is mapped in the “red” filter bands (r, i and Hα) by IPHAS,
and in the “blue” filter bands (U , g, r and HeI) by UVEX. Currently,
IPHAS is fully complete and many new objects are found such as plan-
etary nebulae (Mampaso et al, 2006, Wesson et al., 2008, Corradi et al,
2011, Viironen et al.,2009, 2011), Cataclysmic Variables (Witham, Knigge
et al, 2007), symbiotic stars (Corradi et al., 2010) and T Tauri candidates
(Barentsen et al., 2011). Also an initial 3D extinction map (Sale et al.,
2009) and proper motion catalogue (Deacon et al., 2009) are constructed.
UVEX is currently ∼80% complete, and results will be presented in this
thesis. VPHAS+ started in January 2012 to image the southern Galactic
Plane in the U , g, r, i and Hα filter bands using the VLT Survey Telescope
(VST) in Chile. Like its northern counterpart, VPHAS+ has Galactic lati-
tude range –5◦<b<+5◦ , covers ∼2 000 deg2, and has a small overlap with
UVEX and IPHAS. Additionally, VPHAS+ has two extensions that ex-
pand the Galactic latitude range to |b|<10◦ to cover the Bulge.
The goal of EGAPS is to map the Milky Way structure and study the
different Galactic populations, such as pre-main-sequence stars and post-
main-sequence stars. EGAPS will improve the understanding of early- and
late stage populations of stars. Objects to detect with EGAPS are Cata-
clysmic Variables, Wolf-Rayet stars, planetary nebulae, subdwarf B stars,
white dwarfs and accreting white dwarf binaries. EGAPS will allow a clean
separation of the different stellar populations with different intrinsic colours,
absolute magnitudes and varying degrees of reddening. The Galactic popu-
lation of stellar remnants are intrinsically faint, blue objects, since they have
high temperatures but a small radius. Due to their faintness they are typi-
cally closer by than main-sequence stars in the EGAPS data, and therefore
they have suffered much less extinction than main-sequence stars. Due to
this effect, nearby stellar remnants can be separated from reddened main-
sequence stars of the same intrinsic colour (see Fig. 3.1). From EGAPS a
large, complete and homogeneous sample of stellar remnants with well-
known selection limits can be selected. This sample is needed to answer
9
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Figure 1.5: Visibility of the Galactic Plane for La Palma over the year
2013. (Figure by Staralt)
questions in the fields of binary stellar evolution. The Hα filter allows for the
selection of Hα emitters, such as accreting objects, young stars in star form-
ing regions and O/B associations. An other application of the EGAPS data
is a 3-dimensional dust model of our Galaxy. For each main-sequence star a
distance and reddening can be derived from the EGAPS colours and magni-
tudes. The four broad band filters and the Hα and HeI narrow band filters
allow for breaking the degeneracy between unreddened late-type stars and
reddened early-type stars. Due to reddening an early-type star can have the
same apparent colours as an unreddened late-type star, an example of this
degeneracy can be seen in Fig. 2.6. From the three-years baseline between
the IPHAS and UVEX observations a high proper motion catalogue can be
constructed for the Galactic Plane, and a second proper motion catalogue
can be constructed by comparing the EGAPS data to the POSS-I photo-
graphic plates (Deacon et al., 2009). The three-years baseline between the
IPHAS and UVEX observations also allows for the identification of variable
sources. Finally, EGAPS can be used to hunt down the progenitors of tran-
sients, e.g. Nova Vul (V458 Vul, Wesson et al., 2008).
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Figure 1.6: Left: the four Wide Field Camera CCD chips have a spe-
cial configuration, the square CCD on the edge of is an auto-guider chip.
Centre: the Wide Field Camera is placed in a cryostat, normally filled
with 6 liters liquid nitrogen. Right: the Helium filter used for the UVEX
observations.
1.4 Technical introduction EGAPS
The observing strategy of IPHAS and UVEX is to image an area of ∼1 800
square degrees with Galactic longitude 30◦<l<210◦ and Galactic latitude
|b|<5◦ . From La Palma only this half of the Galactic Plane is visible, and
due to the motion of the Earth around the Sun the Galactic Plane is only ob-
servable from May to December, see Fig. 1.5. The northern Galactic Plane
is divided into a grid of 7635 separated pointings or “fields”, each with a
size of 0.29 square degrees. These fields are divided over the constellations
Scutum, Aquila, Sagitta, Cygnus, Cepheus, Cassiopeia, Perseus, Auriga,
Taurus, Gemini and Monoceros. UVEX and IPHAS image the Galactic
Plane in the filter bands U , g, r, i, Hα and HeI with integration times 120
sec, 30 sec, 30 sec, 10 sec, 120 sec and 180 sec respectively. Including the
HeI filter for the full ∼1 800 square degrees would make the UVEX survey
too time consuming. The HeI filter is not included in the late plane, which
is during winter months when the weather is normally worse. Only the early
part of the Galactic Plane up to Perseus will be imaged in He i λ5875. For
each direct pointing there is an offset pointing per filter, shifted 5 arcmin
West and 5 arcmin South compared to the direct pointing. These offset
fields are necessary for verification and to fill in the gaps between the CCD
chips. The magnitude limits are U<20.5, g<22.0, r<21.8, i<20.2, Hα<20.6
and HeI<19.5 (Vega, 5σ). More info about the observing strategy can be
found in Sect. 1.4, Chapter 2 and in González-Solares et al. (2008).
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The Isaac Newton Telescope (INT) is, together with the William Her-
schel Telescope (WHT), part of the Isaac Newton Group (ING). The Isaac
Newton Telescope is placed on one of the most beautiful locations on Earth,
the Roque de los Muchachos, 2 396 meter above sea level on the island of La
Palma. The INT is a large Cassegrain telescope with a primary mirror of
2.54 meter diameter and a focal length of 7.5 meter. The guiding accuracy
of the telescope is about 0.3 arcsec. More technical information about the
INT telescope can be found at http://www.ing.iac.es/
At the prime focus of the INT theWide Field Camera (WFC) is mounted,
which is used during the IPHAS and UVEX observations. The Wide Field
Camera contains four anti-reflection-coated EEV CCDs (for the CCD-chips
configuration see Fig. 1.6). Due to the L-shape of the WFC camera there is
5% overlap between adjacent pointings, see the EGAPS tiling configuration
in Fig. 1.7. Stars may not be observed when they fall on a gap between
two CCDs, but this is only for ∼1 percent of all objects. The CCDs have
0.33 arcsec per pixel and their collective field of view is 34 x 34 arcmin.
Each CCD covers an area of 22.8 x 11.4 arcmin on the sky, the total sky
coverage is therefore 0.29 square degrees. The size per pixel of the CCDs is
13.5 microns. The CCDs of the WFC are placed in a cryostat filled with 6
liters liquid nitrogen at a temperature of 77 Kelvin. During the IPHAS and
UVEX observations the U , g, r, i, Hα and He i λ5875 filters are in the filter-
wheel of the WFC. The filter parameters of these filters are summarized in
Table. 1.1. The narrow band Hα and He i λ5875 filters are transparent only
to the light at 6568 Å and 5873 Å respectively. The FWHM of the Hα
filter of 96 Å is necessary to catch all ∼10 Å red shifted radiation due to
the motions in the Galactic Plane (a few hundred km sec−1).
Table. 1.1: The EGAPS filter parameters and integration times
Filter central wavelength (Å) FWHM (Å) int.time (sec)
U 3585 637 120
g 4858 1291 30
r 6233 1350 30
i 7756 1700 10
Hα 6568 96 120
HeI 5875 44 180
12
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Every observing night theWFC produces∼30GB of EGAPS data. These
data are reduced and archived by the Cambridge Astronomical Survey Unit
(CASU2). After processing the IPHAS and UVEX data are available in
merged binary table format or as ASCII files, with for every source on
the CCD the next columns: the right ascension (RA), the declination (dec),
and for each filter band a position of the source on the image, a magnitude,
a magnitude error, and an object class. The different morphological classes
are summarized in Table. 1.2.
Table. 1.2: The morphological classes in the EGAPS data.
(González-Solares et al., 2008 and Greiss et al., 2012)
-9 saturated
-8 indicative of poor match
-1 stellar
-2 probably stellar
-3 compact but probably not stellar
1 non-stellar (would be galaxy normally)
0 noise-like
To relate observed counts of a CCD camera to actual fluxes received
at the top of the Earth’s atmosphere, a number of corrections need to be
made, for example for the wavelength and position dependent camera re-
sponse (quantum efficiency), the filter transmission, telescope optics and
the transparency of the atmosphere. Calibration frames are required to
correct for these effects and to derive absolute magnitudes and fluxes. For
IPHAS and UVEX, bias frames and flat fields are taken at the beginning
and end of the night, standard fields are taken every two hours during the
observations. The IPHAS and UVEX observations are obtained with an
airmass < 1.4 (zenith distance smaller than 44 degrees), no pointing has a
distance smaller than 30◦ to the Moon and seeing should be smaller than
2.0 arcsec in the r-band filter. UVEX observations require dark time while
IPHAS is more flexible to grey nights.
The brightness of a star depends on the intrinsic luminosity and its dis-
tance. This flux F arriving at the Earth’s atmosphere is related to the
2CASU website: www.ast.cam.ac.uk/casu/
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Figure 1.7: Tiling configuration of 9 EGAPS pointings (∼2 square de-
grees). Per pointing the four WFC chips are outlined in black and field
numbers are shown. Offset fields are not shown here.(credits: Eduardo
González-Solares et al., 2008)
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luminosity L of a star at distance d as F = L/4pid2. The magnitude differ-
ence of two different stars with flux density ratio F2/F1 is given by3
m2 −m1 = −2.5 log F2
F1
(1.1)
For a single star the ratio of fluxes in different filter bands can be compared,
for example for the EGAPS g and r filters the magnitude difference is given
by
mg −mr = −2.5 log Fg
Fr
(1.2)
The magnitude difference mg −mr is called colour index (g− r). From the
colour indices of EGAPS several colour-colour and colour-magnitude dia-
grams can be constructed, (see e.g. Fig. 2.12). The positions of the objects
in the colour-colour diagrams reveal their physical properties. In this thesis,
stars with high temperatures are more blue, and will end up in the upper-
left corner of the UVEX colour-colour diagrams.
From the known filter transmissions, the CCD quantum efficiency and the
influences of the telescope optics, the synthetic colour indices of a source
can be calculated using
(g − r) = −2.5 log( ΣTgFλ∆λ
ΣTgFλ,V∆λ
) + 2.5 log(
ΣTrFλ∆λ
ΣTrFλ,V∆λ
) (1.3)
as defined in Drew et al. (2005), where Fλ is the spectral energy distribution
of the source, Fλ,V is the spectrum of Vega and T the filter transmission
and CCD response. Note that all colours and magnitudes in this thesis are
given in the Vega system!
Observations in the direction of the Galactic Plane are strongly affected
by dust extinction. The observational depth in the Galactic Plane is limited
due to dust clouds, responsible for absorption in the optical. Dust along
the line of sight causes stars to appear more red, since shorter wavelengths
3the notation log(x) will be used for log10(x)
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are more strongly affected by the extinction. Extinction Aλ is taken into
account, using the reddening law of Cardelli, Clayton and Mathis (1989),
where the effective flux can be calculated with
Feff(λ) = Fint10−0.4Aλ (1.4)
where Fint is the spectral energy distribution radiated from a star, Feff(λ)
is the effective spectral energy distribution of the same star after travelling
through the interstellar dust and gas, and Aλ is a function related to the
wavelength dependent dust extinction.
In chapters 2 and 3 synthetic colours are calculated for E(B−V )=0.0, 1.0,
2.0, 3.0, 4.0 using RV = 3.1. Here E(B − V ) = AB − AV is referred to
as the reddening or colour excess, where RV = AV /E(B − V ), and Aλ is
related to the dust extinction in the V filter AV through
Aλ = k(λ)E(B − V ) = k(λ)AV
RV
(1.5)
where k(λ) is a function of λ. Absolute extinctions (A(λ)/A(V )) can be
calculated using
A(λ)
A(V )
= a(x) +
b(x)
RV
(1.6)
where the reddening coefficients a(x) and b(x) can be found in Cardelli,
Clayton & Mathis (1989).
1.5 This thesis
This chapter is a introduction to the topics discussed in chapters 2 to 6 of
this thesis, which are similar to the published versions (chapters 2 to 5) and
submitted versions (chapter 6).
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Chapter 2 provides a technical description of the UVEX survey. In chap-
ter 2 the colours of main-sequence stars, white dwarfs, Cataclysmic Vari-
ables and AM CVn stars are simulated. Stars appear slightly redder than
they actually are due to interstellar dust in the Milky Way Galaxy. The
effect of this reddening is included in the simulations. Finally, in chapter 2,
the first UVEX survey data are presented and compared with the simula-
tions.
In chapter 3, UV-excess sources are selected by an automated algorithm
from the first UVEX data. From 726 images (2112 ) the algorithm finds
2 170 very blue UV-excess sources, 9 872 moderate blue sources, and 803
purple-blue sources. The characteristics of the sources in these 3 samples
are presented, and classified known sources of previous projects are empha-
sized.
In chapter 4, the spectroscopy of 132 UV-excess sources is presented.
The spectra, obtained by the William Herschel Telescope (WHT) on La
Palma, show that most UV-excess sources are white dwarfs and interacting
white dwarf binaries. Grids of model spectra are fitted to derive tempera-
tures, surface gravities and reddening for each source.
In chapter 5 a white dwarf space density and a white dwarf birth rate
in the Solar neighbourhood are determined. From the UV-excess sources of
chapter 3 and simulations it can be concluded that all white dwarfs in the
UVEX data are relatively close. An average local white dwarf space density
of (3.8 ± 1.1) × 10−4 pc−3 is derived for hot hydrogen atmosphere white
dwarfs with Teff>10 000K (MV<12.2), g<19.5 and |b|<5◦ . Because white
dwarfs continuously cool, it can be derived that all white dwarfs cooler than
20 000 K are older than 7×107 years. So all white dwarfs hotter than 20 000
K were born during the last 7×107 years. An average white dwarf formation
rate of (5.4 ± 1.5) × 10−13 pc−3yr−1 is derived. Extrapolating this result,
about every ten years a new white dwarf is born in the Milky Way Galaxy.
In chapter 6 the UV-excess sources of chapter 3 with an infrared coun-
terpart are presented. Single white dwarfs have blue colours, yet several
sources classified as single white dwarfs in chapter 4 show a clear infrared
17
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Figure 1.8: The Galactic Plane imaged in different wavelengths (credits:
NASA).
excess. This is possible when a white dwarf has a late-type companion star
or when or they are candidates for having a debris disk. This disk of debris
and gas is the remainder of planets from the time that the white dwarf was
a main-sequence star. At least 4% of the hot white dwarfs in chapter 3
are DA+dM systems. A fraction of ∼2% of the UV-excess sources shows
an excess in the far-infrared due to a companion with a spectral type later
than M-type. Additionally, the infrared data is used for the classification
of non-white dwarfs. Six UV-excess sources with a far-infrared excess are
quasars.
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2.1 Abstract
The UV-Excess Survey of the Northern Galactic Plane images a 10◦×185◦
wide band, centred on the Galactic Equator using the 2.5m Isaac Newton
Telescope in four bands (U, g, r,Hei5875) down to ∼21st-22nd magnitude
(∼20th inHei5875). The setup and data reduction procedures are described.
Simulations of the colours of main-sequence stars, giant, supergiants, DA
and DB white dwarfs and AM CVn stars are made, including the effects of
reddening. A first look at the data of the survey is given.
2.2 Introduction
The availability of wide field CCD camera arrays on medium-sized telescopes
has led to the emergence of large scale optical surveys of the sky, targeting
one or more scientific objectives. The vast majority of these surveys, such
as the Sloan Digital Sky Survey (York et al. 2001) are concentrated on the
extragalactic universe. However, there is an increasing interest in a more de-
tailed study of our own Milky Way Galaxy as well. The recently completed
SDSS-II/SEGUE program (Yanny, Rockosi, Newberg et al., 2009) is specif-
ically targeting lower galactic latitudes, and the RAVE survey (Steinmetz
et al., 2006) is targeting the Galactic halo and streams and companions to
the Milky Way.
The plane of the Milky Way, however, has so far not been the target
of a full scale optical, multicolour, digital and photon-noise limited survey,
despite its obvious value for many fields of astrophysics. This situation is
changing with the European Galactic Plane Surveys (EGAPS) currently
underway. Combined, the EGAPS surveys (described below) will cover the
full Galactic Plane in a strip of 10×360 degrees centred on the Galactic
equator, in the u/U, g, r, i, Hα bands down to (Vega) magnitude ∼21 - 22
(or equivalent line flux), and for the Northern survey also in the Hei5875
filter. EGAPS started off with the INT Photometric Hα Survey (IPHAS;
Drew et al., 2005, hereafter D05) that covers the Northern Galactic Plane
in the r, i and Hα bands. Here we describe the UVEX survey: the UV-
Excess Survey of the Northern Galactic Plane that uses the exact same
set-up as IPHAS but will image the Northern Plane in U, g, r and Hei5875.
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Figure 2.1: Distribution as a function of heliocentric distance vs. lati-
tude (upper panels) and a histogram of number of systems vs. latitude
(lower panels) of three Galactic populations with absolute visual magni-
tudes MV = 15, 10 and 5 (left to right), based on a Galaxy model according
to Boissier &Prantzos (1999), and including a Sandage (1972) extinction
model, as detailed in Nelemans et al. (2004). A sample with limiting
magnitude V = 23 is shown here to illustrate the strong concentration of
these populations towards the Galactic Plane. In the MV = 5 panel the
extra sources at d = 8kpc are caused by the Galactic Bulge.
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Figure 2.2: Filter efficiency curves of the U , g, r, Hei5875, Hα and i band
filters used in the UVEX and IPHAS surveys (dashed and dashed-dotted
curves), overplotted onto the spectrum of Vega (solid curve), together with
the CCD efficiency curve (dashed).
22
2.2 Introduction
The Southern Galactic Plane will be covered by the VPHAS+ survey (using
u, g, r, i,Hα) as an ESO Public Survey on the VST+Omegacam combina-
tion and will probably start in the beginning of 2010.
Very few dedicated blue surveys at low galactic latitudes exist, apart
from all-sky surveys such as the Palomar sky surveys or the ESO sky sur-
veys, performed in the 1950-1990s, using photographic plates. A notable
exception is the Sandage Two-Color survey of the Galactic Plane as pre-
sented in a series of papers by Lanning (1973) and Lanning & Meakes (2004;
and references therein; also see Lanning & Lépine, 2006). The total sur-
vey covers 5332 square degrees (124 plates) centred on the Galactic Plane
(at b = –6◦, 0◦and +6◦) using photographic plates (6.6 degrees on a side)
and the UG1 (‘UV’) and GG13 (‘B’) filters on the Palomar 48-inch Oschin
Schmidt telescope. So far 734 UV-bright sources in 39% of the total area
of the survey have been published, averaging one source per 2.83 square
degrees down to mB ∼ 20. UV-bright candidates were selected by eye as
having U −B < 0, but with significant scatter on both the photometry and
the completeness due to crowding and differing quality of the photographic
plates. Not being digital, and the extra problems crowding present to pho-
tographic observations, make the survey good for picking out the bluest
objects, but not useful for a systematic study of stellar populations in the
Galactic Plane. Although UVEX will cover a smaller area (1850 square
degrees for the Northern Survey; 3600 square degrees when ultimately com-
bined with VPHAS+), the survey is fully photometric, allowing a more
consistent and more detailed source extraction and all data will be digitally
available. First results on the selection of UV-bright sources in UVEX shows
a much higher surface density of sources (∼10 per square degree), which is
both due to the greater depth of UVEX (in particular in the g-band), as
well as the more consistent and automated selection techniques, which al-
low identification of UV-bright objects at a much redder cut-off than was
possible for the Sandage Two-Color survey.
Here we describe the scientific objectives of the UVEX survey (Sect.
2.3), the survey design and observing strategy (Sect. 2.4), simulations of
stellar populations in the UVEX colours (Sect. 2.5), the early results (Sect.
2.6), the seeing statistics and the effect of crowding on the detected number
counts (Sect. 2.7) and conclusions (Sect. 2.8).
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Figure 2.3: Magnitude errors for the observations in the four different
filters as function of magnitude, as detected in CCD4 of field 6160 taken
under median seeing conditions. Note that the Hei data are applicable
for the 120 second integrations. After the first year the depth in Hei is
increased by an enlarged integration time (180 seconds).
2.3 Science goals
The main science goal of UVEX is to chart the Galactic population of stellar
remnants, single and in binary systems. These include single and binary
white dwarfs, subdwarf B stars, Cataclysmic Variables, AM CVn stars and
neutron star and black hole binaries. These systems are hot, and therefore
blue, due to the remnant energy in the compact objects or they are being
kept hot due to accretion. Due to their small size (typically ∼<1R) these
systems are intrinsically faint, despite their hot temperature. In particular,
they have much lower absolute visual magnitudes than main sequence stars
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of similar colours. At a given apparent magnitude they will therefore be
much closer by than main sequence stars and therefore have suffered much
less extinction than a main sequence star of the same intrinsic colour. This
technique to identify stellar remnants has been used before, e.g. to search for
old halo white dwarfs in front of molecular clouds (Hodgkin et al. priv.com.).
The reason to survey the Galactic Plane is that the target populations
are Galactic populations and therefore strongly concentrated towards the
Galactic Plane. Fig. 2.1 illustrates this point. Here we have taken a model
of the Galaxy according to the prescription of Boissier & Prantzos (1999),
and populated this with populations having absolute visual magnitudes of
MV = 15, 10 and 5. A Sandage (1972) type model of Galactic extinction was
included. This Galaxy model is identical to the one used and described more
extensively in Nelemans, Yungelson & Portegies Zwart (2004). A limiting
magnitude of V = 23 was taken to construct Fig. 2.1. It can be seen
that any population with an absolute magnitude in the range 5≤ MV ≤10
is strongly concentrated to the Plane of the Galaxy. Respectively 12%,
40% and 97% of all objects in Fig. 2.1 lie within the first 5◦ of the Plane
(the limits of the UVEX survey) for MV = 15, 10 and 5. Subdwarf B
stars, Cataclysmic Variables, AM CVn stars, young white dwarfs and most
neutron star and black hole binaries all have absolute magnitudes MV <
15. It is only for the faintest systems (old white dwarfs and very low mass
accretion rate interacting binaries) that we sample such a local population
that no concentration towards the Galactic plane is seen.
The prime motivation to chart the population of interacting binaries
and stellar remnants in our Galaxy is that a large and homogeneous sample
is needed to answer questions in the fields of binary stellar evolution (e.g.
on the physics of the common-envelope phase), the gravitational radiation
foreground from compact binaries in our Galaxy for missions such as LISA,
and the influence of chemical composition on accretion disk physics. For this
last item in particular the comparison between hydrogen-rich systems such
as Cataclysmic variables and helium-rich (AM CVn stars; e.g. Roelofs et
al., 2006) or even C/O-rich (Ultracompact X-ray Binaries; Nelemans et al.
2004) systems will be important. The currently known populations of these
last two classes are limited to less than two dozen systems each, severely
limiting a population study (see Roelofs, Nelemans & Groot, 2007).
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Figure 2.4: Simulated colours of main sequence (V,black), giant (III, red)
and supergiant (I, blue) stars in the UVEX (U − g) vs (g − r) plane.
Besides the main science goal outlined above, the UVEX survey will al-
low for many more scientific studies in the field of Galactic astrophysics, es-
pecially in combination with the IPHAS survey. The combination of UVEX
and IPHAS will allow a much cleaner separation of stellar populations with
different intrinsic colours, absolute magnitudes and varying degrees of red-
dening. The added opportunities include:
• A 3D dust model of our Galaxy on an arcsecond scale: the inclusion
of Hα with the four broad bands allows for breaking the degeneracy
between reddened early type stars and unreddened late type stars due
to their strongly different Hα absorption lines strength. See Drew et
al. (2008) and Sale et al. (2009) for the usage of IPHAS data towards
this goal.
• The first ever accurate high proper motion study in the Galactic Plane.
The overlap in r band observations between UVEX and IPHAS has a
minimum of three years baseline distance, and otherwise identical set-
up allows for proper motion determinations down to µ ≥100 mas yr−1
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Figure 2.5: Simulated colours of main sequence (V, black), giant (III,
red) and supergiant (I, blue) stars in the UVEX (Hei−r ) vs (g−r) plane.
for the IPHAS - UVEX comparison and down to µ ≥20 mas yr−1 for
an IPHAS - POSS-I comparison; Deacon et al. (2009). These should
be compared to the recent surveys by Lépine et al. (see Lépine 2008
and Lépine & Shara, 2005). The combined IPHAS/UVEX proper
motions will have more accurate photometry and better complete-
ness, both because CCD observations are used instead of photographic
plates.
• The identification and characterisation of open clusters, star forming
regions and (highly reddened) O/B associations down to the magni-
tude limit of the two surveys.
• The characterization of stellar photometric variability on a three-year
timescale due to reobservations in the r band. This includes the iden-
tification of long period variables (e.g. Mira stars), irregular variables
(dwarf novae-type cataclysmic variables, soft X-ray transients, flare
stars), and a first identification of large amplitude regular variables
(e.g. RR Lyrae stars). EGAPS will also serve as a baseline for new
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Figure 2.6: Synthetic colour-colour diagrams in the UVEX filter sys-
tem for main-sequences, giant and supergiant, using the reddening law of
Cardelli et al. (1989). Colours are shown for E(B− V ) = 0.0, 2.0 and 4.0.
Also shown are the encompassing upper and lower envelope curves: the
O5V reddening curve and the M0iii reddening curve.
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transients in the plane of the Milky Way as shown by our study of Nova
Vul 2007 (V458 Vul) whose progenitor was identified in IPHAS data
taken only seven weeks before the nova explosion (Wesson et al., 2008).
In the science goals of the UVEX survey the U -band observations play
a crucial role. Since the U -band is the most sensitive to dust extinction it is
not only a pivotal band to identify those hot but low-luminosity populations
in the Plane, but is also a band that will play a very important role in
the dust mapping of the Plane. Straddling the Balmer jump it is also the
broad band which is most sensitive to chemical composition and atmospheric
pressure in the underlying populations.
2.4 Survey design and data processing
Apart from the filters, the survey design is identical to that of the IPHAS
survey as described in D05. The same field centers have been taken so all
fields will be imaged twice in a set of overlapping pointings. The order of
field selection for UVEX is mainly based on the availability of ‘good’ IPHAS
data for the same field with a time baseline of at least three years. Here
‘good’ IPHAS photometry refers to those fields that have a seeing less than
2.0′′, ellipticity of the stellar image <0.2 and a sky background of <2000
cts in r (González-Solares et al., 2008). This strategy has been chosen to
ensure both a reasonable proper motion baseline as well as a high quality
dataset covering the full optical spectrum. UVEX observations are done in
the RGO U filter, the Sloan Gunn g and r filters and the Hei5875 filter. In-
tegration times are 120 sec (U), 30 sec (g), 30 sec (r) and 120/180 sec (Hei).
Fig. 2.2 shows the throughput of the U, g, r and Hei5875 filters, as well
as the IPHAS r, i and Hα, overplotted onto the spectrum of Vega. As can
be seen in Fig. 2.2 the Hei5875 filter overlaps with the r-band filter, but
has a slightly bluer effective wavelength than the r-band. For this reason we
construct the (Hei−r ) colour, adhering to the usual notation for colours to
list the bluer band first. Note that the r-band curve is slightly different from
that shown in D05, even though it is the same filter. Filter efficiencies were
remeasured in July 2006 at the ING Observatory, resulting in the current
efficiency curves.
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Data processing is also identical to the IPHAS procedure. All data are
transported from the telescope to the Cambridge Astronomy Survey Unit,
where it is processed according to the pipeline procedure as detailed in Irwin
& Lewis (2001), D05 and González-Solares et al.(2008).
All magnitudes are on the Vega system. The g and r band observa-
tions are calibrated on a nightly basis by the observation of photometric
standards stars from Landolt (1992). Photometric calibration in U , Hα
and Hei5875 is hard-coupled to that of the g-band (for U), and the r-band
filter (for Hα and Hei5875). The fixed offsets (in Vega magnitudes) are
U = g−2.100, Hα = r−3.140 and Hei = r−3.575. These shifts have been
determined on the basis of spectrophotometric observations combined with
the colour-modeling discussed in Section 2.5. On a typical good night the
zeropoints (in ADU) for g and r are 25.01 and 24.51 respectively, showing
the greater depth of the g-band observations for a given integration time.
Since the g- and r-band observations are both 30 seconds, the g-band gives
the deepest observations of the combined IPHAS /UVEX survey. A global
photometric calibration of both surveys remains to be done.
For illustrative purposes Fig. 2.3 shows the magnitude error as a function
of magnitude and colour for the UVEX observations of field 6160, where we
have taken all data which have been marked as ‘stellar’ (quality flag ‘–1’ as
defined in González-Solares et al., 2008) and on CCD 4 of the Wide Field
Camera. Fig. 2.13 shows the colour-magnitude and colour-colour diagrams
for the same field.
2.5 Simulation of the colour-colour planes
To interpret the UVEX observations, simulations of the colours of stars and
the effect of reddening are a very powerful and important tool. In obtaining
the simulated colours we follow the procedure as outlined in D05 for the
IPHAS survey. In short, model and template spectra are folded with the
efficiency curves as shown in Fig. 2.2 and the CCD response curve, and
calibrated on the Vega system using Eq. 1 of D05, where r and i indices
should be replaced with the appropriate filter curves. The only difference in
this procedure is that we did not rebin all input data to a 5Å resolution (in
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D05 set by the resolution of the Pickles, 1998, library), but used a fixed 1Å
sampling and a linear interpolation where necessary, as well as an extrap-
olation on the CCD-efficiency curve on the blue-side of the U -band since
data were not available. A check on the colours obtained has been made
by reproducing the colours as given in D05 for the IPHAS filters (using the
filter curves as given in D05). The mean difference and standard devia-
tion on the IPHAS colours derived in D05 and here are ∆(r − i) = 0.009
and σ(r−i) = 0.002 and ∆(r −Hα) = 0.006 and σ(r−Hα) = 0.002. Further
checks to the procedure were made by inserting Johnson-Cousins filters into
the equation and calculating the colours of main-sequence stars, based on
the Pickles spectra, and compared with the colours as given in Bessell (1990)
for main-sequence and giant stars and with the Stone & Baldwin (1983)
southern spectrophotometric standard stars as given by Landolt (1992).
Our conclusion from these comparisons is that the method accurately
reproduces the colours of stars as given in the literature, although there is
a large scatter on the (U − B) colours. The relatively large scatter with
respect to the stars given in Bessell (1990) can also be attributed to the
use of a different set of input spectra (the Vilnius spectra used by Bessell
vs. the Pickles spectra used by us). The comparison with the Baldwin-
Stone spectrophotometric standards as given by Landolt (1992) and the
colours from D05 show the accuracy of the method. All synthetic colours
calculated in this paper are given in the Appendix. The large scatter in
the U-band is not surprising given its sensitivity to metallicity, atmospheric
absorption, and the strong variations in detector reponses that occur at the
bluest wavelengths. This procedure was then used to derive the colours in
the UVEX filters, for normal stars (luminosity classes V, III and I), emission
line objects and white dwarfs.
Based on the colour-simulations presented below, and also folding the
Pickles spectra with standard Johnson-Cousins filter curves we derive the
following colour-transformations from Johnson-Cousins to the IPHAS /UVEX
colour space:
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Figure 2.7: Position of Hei5875 emission line objects in the (g − r) vs.
(Hei−r ) colour space. Horizontal lines mark objects of equal equivalent
widths (EW) in units of Å, vertical lines mark lines of constant reddening,
assuming an underlying A0V spectrum.
(U − g) = 1.035 (U −B) + 0.470 (B − V )− 0.017 (2.1)
(g − r) = 1.044 (B − V )− 0.116 (V −R) + 0.025 (2.2)
(r − i) = 1.484 (R− I)− 0.389 (V −R)− 0.014 (2.3)
These transformations are valid over the colour-region of −1.43 < (U −
g) < 2.19, −0.30 < (g − r) < 1.72 and −0.17 < (r − i) < 2.58. Please note
that all magnitudes here are on the Vega system. Transferring to the AB
system can be done by using the relations given on the Astronomy Survey
Unit’s webpage1.
1 http://www.ast.cam.ac.uk/∼wfcsur/technical/photom/colours/
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2.5.1 UVEX colours of main sequence, giant and super-
giant stars
To simulate the colours of normal stars with luminosity classes V (main-
sequence dwarfs), III (giants) and I (supergiants) we make use of the Pickles
(1998) library. After application of the procedure outlined above, the re-
sults are shown in Figs. 2.4 & 2.5 and are tabulated in the Appendix. Here
we use the (g − r) vs. (U − g) and the (g − r) vs. (Hei−r ) colour-colour
diagrams as our fundamental planes. It can be seen that the difference in
colours between main-sequence stars, giants and supergiants is relatively
small and all objects are restricted to a narrow band. In the (g − r) vs.
(Hei−r ) plane a characteristic ‘hook’ is displayed, appearing around M0,
after which the stars show a distinct increase in the (Hei−r ) colour, caused
by the appearance of strong TiO absorption bands depressing the flux in
the Hei band.
To simulate the effect of reddening we have applied the extinction laws
of Cardelli, Clayton & Mathis (1989), with a fixed R=3.1. Results are
shown in Fig. 2.6. Template and model spectra were first multiplied by the
extinction laws and then folded through the filter curves. It is clear from
Fig. 2.6 that, in analogy to the IPHAS colours, also here envelope lines
exist, indicating a limit above/underneath which no normal main-sequence
stars, giants or supergiants are expected. In Fig. 2.6 these are indicated
with ‘O5V-reddening’ line and ‘M0III reddening line’.
2.5.2 Colours of helium emission-line stars
The inclusion of the Hei5875 filter has been made to enable the detection of
strong Hei5875 absorbers (e.g. DB type white dwarfs) or emitters (e.g. AM
Canum Venaticorum stars and Cataclysmic Variables). Again, in analogy
with D05 we have determined the sensitivity to pick out Hei emission using
an A0V underlying continuum (very similar to a power law slope with index
–3) to which an emission line is added. The emission line is simulated by
a top-hat shaped line having a width that is equal to the full-width-at-
half-maximum of the Hei filter, 40Å. The results are shown in Fig. 2.7.
Reddening has been added to these data in discrete steps of 1 from E(B −
V ) = 0 to E(B−V ) = 4. Overplotted onto the grid of emission line strength
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Figure 2.8: Spectrum of the AM CVn star V396 Hya (Ruiz et al., 2001),
overplotted with the UVEX /IPHAS narrow-band filter curves of Hei5875
and Hα and the broad-band g and r bands.
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Figure 2.9: Position of AM CVn stars in a (g − r) vs. (Hei−r )
colour-colour diagram. Asterisks show the position of known AM CVn
stars, based on their SDSS spectrum. Labels refer to the AM CVn stars
and, if known, the orbital period is added (see Roelofs et al., 2009 for
SDSS J0804). The AM CVn points are overlayed onto the UVEX colours
of stars in the field of GP Com (red symbols), which itself is shown by
the (red) point at (g − r) = 0.05 & (Hei−r ) = −0.65. Also shown is the
unreddened main-sequence as the green dashed line marked by crosses,
and the DB sequence as the purple dotted line marked with squares.
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is the unreddened main-sequence as determined in Sect. 2.5.1. It can be seen
from Fig 2.7 that emission strength above already a few Å should stand out
in UVEX observations, depending mostly on the photometric accuracy of
the observations. This is only marginally influenced by reddening due to the
narrowness of the Hei filter and its position within the r-band. A similar
behaviour is seen in the (r −Hα) colour although the effect is larger there
(D05).
2.5.3 The colours of AM Canum Venaticorum stars
AM Canum Venaticorum (AM CVn) stars are hydrogen-depleted, short-
period interacting binaries consisting of a white dwarf primary and a white
dwarf or semi-degenerate helium star secondary, sometimes also called ‘He-
lium Cataclysmic Variables’ (see e.g. Nelemans, 2005, for an overview).
These systems show orbital periods in the range 5.4 min < Porb < 65
min. At longer orbital periods (Porb ∼> 30 min) their spectra are dom-
inated by strong helium emission lines (see e.g. Marsh, 1991; Roelofs
et al. 2005,2006a,b). The strongest of these lines is the Hei5875 line.
Fig. 2.8 shows the spectrum of V396 Hya (Ruiz et al., 2001) with the
UVEX /IPHAS narrow-band filters of Hei5875 and Hα overplotted. It can
be seen that the Hei5875 filter width exactly matches the width of the emis-
sion line and therefore provides maximum sensitivity to these systems.
Using the publicly available Sloan spectra and the Very Large Telescope
spectra as presented in Roelofs et al. (2005, 2006, 2007a,b,c) we constructed
a (g − r) vs. (Hei−r ) colour-colour diagram of long period AM CVn stars
(Fig. 2.9). It can be seen that indeed the long period AM CVn stars lie
significantly above the main-sequence in (Hei−r ) due to their Hei 5875
emission. The vertical spread of the AM CVn systems indicates increasing
Hei equivalent widths at almost constant broad-band colours.
2.5.4 Simulation of DA and DB white dwarfs
As uncovering the population of single and binary white dwarfs at low galac-
tic latitude is one of the main goals of the UVEX survey we have also sim-
ulated the expected colours of a set of white dwarfs. These simulations
are based on two sets of white dwarf model spectra available to us: one set
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Figure 2.10: The colours of log g=8.0 DA (green/red), DB (blue)
white dwarf and main-sequence (black) models in the UVEX colour-colour
planes.
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kindly provided by D. Koester, spanning the temperature range 6 000-80 000
K and surface gravity range log g = 7.0 - 9.0, for both hydrogen dominated
atmospheres (DA white dwarfs) as well as helium dominated atmospheres
(DB white dwarfs) and one set kindly provided by P. Bergeron spanning
the temperature range 1 500 K - 17 000 K and surface gravity range log g =
7.0 - 9.0, for hydrogen dominated atmospheres (DA white dwarfs). In the
coolest models (T < 4 000 K) the effect of collisional induced absorption due
to the formation of H2 was included. See Finley, Koester & Basri (1997),
Koester et al. (2001) and Bergeron, Wesemael & Beauchamp (1995) for
details on the calculation of these models. Both sets of models were pro-
vided on a non-linear wavelength grid, where the lines were more densely
sampled than the continuum region. Both sets of models were interpolated
on a regular grid with a 1Å binning, identical to the sampling of the filter
curves and CCD efficiency. In the overlapping region both sets of models
were compared with each other, and were found to be identical on the level
of < 2% at all wavelengths with the exception of the very cores of the lines,
where differences can increase to ∼4% over a small wavelength range.
For the calculation of the white dwarf models we have used the mod-
els with a fixed surface gravity of log g = 8.0. Fig. 2.10 shows the colours
of log g=8.0 DA and DB white dwarf models in the UVEX colour-colour
planes. Top: panel shows the position of the white dwarfs in the UVEX (g−
r) vs (U − g) colour-colour plane based on the Bergeron models (DA) and
Koester models (DA and DB) for temperature between 1 500 K and 80 000
K (DA) and 10 000 - 50 000 K (DB). DB models with temperature <10 000
K are identical to blackbodies. The characteristic ‘hook’ in the DA models
between temperature 7 000 - 25 000 K is due to the Balmer jump which lies
in the U -band. The hook at T ∼< 2 500K is due to collisionally induced ab-
sorption by the H2 molecule. Middle: Same models as in the previous panel
in the (g − r) vs.(Hei−r ) colour plane. The DA models with T > 3 000
K virtually overlay the main-sequence models shown in Fig. 2.5. The DB
models show a pronounced reddening of the Hei−r colour due to the He ab-
sorption line at Hei 5875. Bottom: Same models as in the previous panels
in the (r− i) vs. (r−Hα) colour, to show the distinction that can be made
in these colours between DA and non-DA white dwarfs based on the deep
Hα absorption.
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Figure 2.11: UVEX /IPHAS colour-colour diagram of all currently
known Sloan Cataclysmic Variables (‘+’-signs) and AM CVn stars (‘*’-
signs) in (g−r) vs. (R−Hα) (top), (g−r) vs. Hei−r (middle) and (r−Hα)
vs.(Hei−r ) (bottom), together with the unreddened main-sequence track. 39
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2.5.5 Simulations of Cataclysmic Variables
The location of Cataclysmic Variables in Hα narrow-band surveys has been
extensively discussed in Witham et al., 2006. In IPHAS, based on solely the
r−Hα and r− i colour, it is difficult to make a photometric distinction be-
tween highly reddened background early-type emission line objects and Cat-
aclysmic Variables. With the addition of the UVEX colours this will become
easier. Cataclysmic Variables are intrinsically rather faint (MV ∼>5) but
blue, making them on average much less reddened than intrinsically brighter
objects at the same colour. We have simulated the position of Cataclysmic
Variables in the UVEX survey by taking the sample of Sloan Digital Sky
Survey Cataclysmic Variables (Szkody et al. 2002,2003,2004,2005,2006,2007)
and folded them through the UVEX filter curves. The U -band magnitude
could not be calculated due to the blue cut-off in the Sloan Spectra at λ ∼
3800 Å. In Fig. 2.11 we show the colour of all SDSS Cataclysmic Variables
and AM CVn stars in the UVEX /IPHAS colour planes.
2.6 Comparison with observed data
Data taking forUVEX has started in the summer of 2006, and up to Septem-
ber 2008 30% had been observed. After quality control checks all data will
be made public through the website of the European Galactic Plane Surveys
(EGAPS)2.
2.6.1 Control fields & Survey depth
To check our photometric calibration and extraction algorithms in highly
crowded areas a number of globular clusters were observed as control fields.
In Fig. 2.12 we show the colour-magnitude and colour-colour diagrams for
NGC 5904, overlaid with our main-sequence colour tracks. It is clear from
Fig. 2.12 that the extraction mechanism works very well, even in severely
crowded regions. The limiting magnitude (defined here as the magnitude
where the magnitude error reaches 0.2 magnitudes (i.e. ∼ 5σ, which would
be an error of 0.22 magnitudes) of UVEX data under good conditions (r-
band seeing of 1.′′1) is 21.8 (U), 22.6 (g), 22.1 (r) and 20.2 (Hei5875). A
limiting magnitude set at 0.2 magnitudes error in the magnitude value en-
2websites: www.uvexsurvey.org, www.iphas.org and www.vphasplus.org
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Figure 2.12: Colour-colour and colour-magnitude diagrams of globular
cluster NGC5904 (M5), showing all detected objects with a magnitude
error < 0.1 for clarity, overlayed in the colour-colour diagrams with the
UVEX colour-tracks as presented in Sect. 2.5. Full lines are for main-
sequence stars and dashed-lines for giants. The O5-reddening line and the
supergiant reddening lines are also shown as the upper and lower envelopes
(see Fig. 2.6)
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Figure 2.13: Colour-colour and colour-magnitude diagrams of field 6160,
showing all detected objects with a magnitude error < 0.1 for clarity,
overlayed in the colour-colour diagrams with the UVEX colour-tracks as
presented in Sect. 2.5
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Figure 2.14: Colour-colour and colour-magnitude diagrams of field 6167,
showing all detected objects with a magnitude error < 0.1 for clarity,
overlayed in the colour-colour diagrams with the UVEX colour-tracks as
presented in Sect. 2.5
43
Chapter 2 : The UV-Excess Survey of the Northern Galactic
Plane
compasses between 95% and 98% of all stellar objects, depending on the
filter. Part of the Hei5875 observations are taken with 180 second integra-
tion, increasing the limiting magnitude. In general, of course, the limiting
magnitude of each individual exposure will depend on seeing, transparency,
sky brightness and, in severe cases, also crowding (see Sect. 2.7).
2.6.2 Galactic Plane data
In Figs. 2.13 & 2.14 we show two representative fields from the Galactic
plane centred on (l, b=79.6◦,–2.8◦) and (l, b =83.0◦,–0.1◦), respectively. In
the extraction only sources with quality flag ‘–1’ (stellar) and ‘–2’ (proba-
bly stellar) have been taken into account and the condition was set that the
sources were detected in both the direct as well as the offset fields. In the
colour-colour diagrams we overplot the colour-tracks for unreddened data
as well as for E(B − V )=2.0 and 4.0.
In field 6160 (Fig. 2.13, l = 79.6◦, b = −2.8◦) it can be clearly seen
that the main-sequence stars are reddened (E(B − V ) = 1.25 according to
Schlegel, Finkbeiner& Davis, 1998). On the blue side a small number of blue
excess sources are present, varying in magnitude between 18.5 < g < 22.5
and at g − r ∼ 0. These are unreddened, intrinsically blue and intrinsically
low-luminosity objects that lie in front of the bulk of the main sequence
population. These are the ‘UV-excess’ sources that give their name to the
survey: predominantly white dwarfs and white dwarf binaries. The red-
dening of the main-sequence causes the bulk of the stars to shift to redder
colours overall, uncovering a population of ‘warm’ (T < 10 000 K) white
dwarfs. In unreddened (higher galactic latitude) fields these ‘warm’ white
dwarfs merge with the main-sequence and become difficult to identify in
broad-band photometry. Due to the shallower depth of the Hei observa-
tions the faintest UV-excess sources in g are not detected in the Hei filter
(Fig. 2.13). Due to their blue colour most are detected in the U -band. A
distinction between DA and DB white dwarfs can already be made on the
basis of the (U − g) vs. (g − r) diagram, but will be further aided by the
(Hei−r) vs. (g − r) and the (Hei−r ) vs. (r −Hα) diagrams.
In field 6167 (Fig. 2.14) the reddening is higher (E(B−V )=3.10 accord-
ing to Schlegel, Finkbeiner & Davis, 1998), which is not surprising given its
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location in the mid-plane. The reddening is such that all stars earlier than
M0 are substiantially reddened. In the (Hei−r ) vs. (g−r) diagram M-type
stars show a distinctive down-turn in the Hei−r colour, making them easily
identifiable. The same stars can be seen as the almost vertical sequence at
g − r=1.5 and running from 19 < g < 23. Counter-intuitively the intrinsi-
cally faint late-type M-stars have become some of the bluest objects in the
field, apart from the real stellar remnants located bluewards of (g − r)<1
and g>19.
2.7 Seeing statistics & crowding
For all data up to November 2007 we have collected the seeing statistics in
the four UVEX filters (Fig. 2.15). This is for a total of ∼375 square degrees
and ∼3 000 pointings over the period June 2006 - November 2007. It can
be seen from Fig. 2.15 that the median seeing in the UVEX data so far
is (1.′′3,1.′′1,1.′′0,1.′′4) for the (U, g, r,Hei) filters, respectively. The Hei data
show a qualitatively different behaviour than the other three bands with a
much broader maximum. This is most likely caused by the fact that most
of the Hei data are taken with an integration time of 180 seconds, but with
no autoguider. This causes small errors in the telescope tracking, which
translate into a deteriorated seeing.
With the stellar densities expected and detected in the Galactic Plane
down to g∼22 crowding becomes a real concern for number statistics studies.
Surface densities of detected point sources in the UVEX fields can reach
up to 200 000 sources per pointing, i.e. 700 000 stars per square degree.
Following Irwin & Trimble (1984) we here make a global estimate of the
effect of crowding in the UVEX data. Using their Eq. 4 and inserting the
relevant numbers for UVEX we calculate the crowding correction factor (i.e.
their f ′/f) for seeing disk FWHM values of 0.′′7 - 1.′′2 as shown in Fig. 2.16.
As can be seen the crowding factor is a strong function of the actual seeing,
and also of the assumed radius of the actual stellar profile. Fig. 2.16 shows
the correction factors for both a 2σ Gaussian profile cut-off radius as well
as a 3σ cut-off. We see that at the maximum density of detected sources
in UVEX, which is close to 1 million sources per square degree, we reach a
crowding correction of at least 20% in the best of cases (0.′′7 seeing, 2σ cut-
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Figure 2.15: Seeing distributions for UVEX observations in the period
June 2006 - November 2007, for the U - and g-band observations (left panel)
and the r- and Hei-band observations (right panel). Inserts show the
cumulative distributions.
off) and quickly reach >100% when a 3σ cut-off radius is taken. Of course
in reality the actual crowding will also depend on the actual magnitude
difference between two nearby, almost overlapping sources and will require
a detailed field-to-field modeling, but this global estimate shows that for
the most crowded regions of the Galactic Plane crowding is a serious issue.
2.8 Conclusions
The UVEX survey offers the possibility to detect intrinsically blue, faint
objects in the Galactic Plane, as well as offers the first-ever homogeneous
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Figure 2.16: The crowding correction factor (f ′/f in the Eq. 4 of Irwin
& Trimble, 1984) between observed versus actual number densities of stars
for a range in seeing fwhm’s (0.7, 0.8...1.2: lines from bottom to top resp.)
and for two settings of the stellar image threshold radius at 2σ (dashed
lines) and 3σ (full lines) Gaussian e-folding lengths.
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blue survey of the Galactic Plane and is ideal for uncovering a large popu-
lation of stellar remnants. The depth of the g-band observations, close to
the ground-based confusion limit, will allow for detailed Galactic structure
research. The combination with the IPHAS survey offers the first ever opti-
cal survey of the Northern Galactic Plane in the U, g, r, i, Hα and Hei 5875
filters. The Southern Plane will be covered by the VPHAS+ survey in the
same bands (minus the Hei band), on the VLT Survey Telescope at the
European Southern Observatory. Combined, these three surveys form the
heart of the European Galactic Plane Surveys (EGAPS). When completed
EGAPS will provide positions, colours for close to one billion stars in our
Galaxy. From the first study on proper motions from EGAPS Deacon et
al. (2009) showed that we can expect ∼140 objects per square degree with
a proper motion µ ≥ 20 mas yr−1.
48
Chapter3
A first catalogue of
automatically selected
UV-excess sources from
the UVEX survey
Kars Verbeek, Eelco de Groot, Paul J. Groot, Simone Scaringi, Janet Drew,
Robert Greimel, Mike Irwin, Eduardo González-Solares, Boris T. Gänsicke,
Jorge Casares, Jesus M. Corral-Santana, Niall Deacon and Danny Steeghs
MNRAS, 420, 1115V (2012)
3.1 Abstract
We present the first catalogue of point-source UV-excess sources selected
from the UVEX survey. UVEX images the Northern Galactic Plane in the
U, g, r and He i λ5875 bands in the Galactic latitude range –5◦< b <+5◦.
Through an automated algorithm, which works on a field-to-field basis, we
select blue UV-excess sources in 211 square degrees from the (U − g) vs.
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(g−r) colour-colour diagram and the g vs. (U −g) and g vs. (g−r) colour-
magnitude diagrams. The UV-excess catalogue covers the magnitude range
14 < g < 22.5, contains 2 170 sources and consists of a mix of white dwarfs,
post-common-envelope objects, interacting binaries, quasars and AGN. Two
other samples of outliers were found during the selection: i) a ‘subdwarf’
sample, consisting of no less than 9 872 candidate metal-poor stars or lightly
reddened main-sequence stars, and ii) a ‘purple’ sample consisting of 803
objects, most likely a mix of reddened late M-giants, T Tauri stars, planetary
nebulae, symbiotic stars and carbon stars. Cross-matching the selected UV-
excess catalogue with other catalogues aids with the first classification of
the different populations and shows that more than 99% of our selected
sources are unidentified sources.
3.2 Introduction
The UV-excess survey of the Northern Galactic Plane (UVEX)1 images a
strip of 10×185 degrees (–5◦< b <+5◦) along the Northern Galactic plane
in the U, g, r and He i λ5875 bands down to ∼ 21st − 22nd magnitude using
the Wide Field Camera mounted on the Isaac Newton Telescope, on the is-
land of La Palma. The spatial pixel scale is 0.33 arcsec/pixel with a field of
view of 0.29 square degree per pointing. The exposure times are 30 seconds
for the r- and g-band images, 120 seconds for the U -band images and 180
seconds for the He i λ5875-band images. A full description of the survey is
given in chapter 2 (Groot et al., 2009; hereafter G09).
One of the main aims of the UVEX survey is to obtain a substantial and
homogeneous sample of stellar remnants and compact binaries with well-
understood selection biases. A large and homogeneous sample is needed
to answer questions in the fields of binary stellar evolution (e.g. on the
physics of the common-envelope phase), the earliest star formation history
of our Milky Way, the influence of chemical composition on accretion disk
physics, and the gravitational radiation foreground from compact binaries
in our Galaxy for missions such as the Laser Interferometer Space Antenna
(LISA, Nelemans et al., 2004). Stellar remnant populations to be extracted
from UVEX include single and binary white dwarfs, subdwarf B stars, Cat-
1http://www.uvexsurvey.org
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Figure 3.1: g vs. (g − r) colour-magnitude diagram of field UVEX 6162
(l=80.76, b = –1.90). Data shown are all stellar and probably stellar de-
tections in the r- and g-bands with a photometric error smaller than 0.1
magnitudes in these bands. The solid lines show our automated selection
technique and the outline of the (g−r) colour at which the g-band magni-
tude peaks (right, thick line), and the 3σ limit for each g-band magnitude
bin (left thin line), called the ‘blue edge’. All sources more than 3 times
their own photometric error to the left of this blue edge are selected (here
plotted with their own photometric errors). The error bars on the right
side show the average photometric error in (g − r) per bin.
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Figure 3.2: g vs. (U −g) colour-magnitude diagram of field UVEX 6162.
The solid lines show our automated selection technique and the outline of
the (U−g) colour at which the g-band magnitude peaks (right, thick line),
and the 3σ limit for each g-band magnitude bin (left thin line), called the
‘blue edge’. All sources more than 3 times their own photometric error
to the left of this blue edge are selected. Not all sources plotted with
their own photometric errors here were selected in this colour-magnitude
diagram: the two blue sources fainter than g=21 are less than 3 times their
own photometric error to the left of the blue edge. The error bars on the
right side show the average photometric error in (U − g) per bin.
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Figure 3.3: (U−g) vs. (g−r) colour-colour diagram of field UVEX 6162.
Data shown are all sources with a stellar or probably stellar detection in the
r- and g-bands and with a photometric error smaller than 0.1 magnitudes
in these bands. The lines are line fitted to the main locus (central line)
and the 3σ box containing the bulk of the objects.
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aclysmic Variables, AM Canum Venaticorum (AM CVn) stars and neutron
star and black hole binaries. Our understanding of these populations is
often limited due to the small number of known systems and/or strong se-
lection biases in known samples (see e.g. Pretorius, Knigge & Kolb, 2007).
Traditionally blue/UV surveys, targeting quasars and AGN, specifically
concentrate on higher Galactic latitudes to avoid the problems of crowding
and dust extinction. The post-common-envelope objects mentioned above
are generally hot but intrinsically faint so their absolute visual magnitudes
are several magnitudes lower than main-sequence stars with similar colours.
In the plane of the Milky Way an intrinsically blue, low-luminosity popu-
lation of objects is visible in the g vs. (U − g) and g vs. (g − r) colour-
magnitude diagrams as UV-excess sources against a background of higher
luminosity, more distant and therefore more highly reddened, objects. Ex-
amples of colour-magnitude diagrams and colour-colour diagrams showing
this effect are shown in Figs. 2.13 and 2.14) and Figs. 3.1 and 3.2 here.
It is our aim to distinguish UV-excess sources from the normal main-
sequence stars in a user-independent way and we have therefore developed
an automated selection technique to construct our catalogue, presented in
Sect. 3.3. In Sect. 3.4 we apply this selection technique to the UVEX data
of 211 square degrees and analyse the spatial, magnitude and colour distri-
butions of the UV-excess sources selected from this area. In Sect. 3.5 we
classify the UV-excess sources making use of the IPHAS database, cross-
matches to Simbad and synthetic colours of stellar populations as presented
in chapter 2 and in Drew et al. (2005). Finally in Sect. 3.6 we summarize
the results and conclusions of our selection algorithm and catalogue of UV-
excess candidates.
3.3 Selection of UV-excess sources
The selection algorithm is based on a field-to-field comparison of the colour
of UV-excess objects to the bulk of the main-sequence stars. Due to vari-
able reddening the actual selection limits in (U − g) and (g − r) colours
will not be constant with Galactic position, see Sect. 3.6. The amount of
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reddening due to dust extinction can vary strongly with Galactic latitude
and longitude (see e.g. Schlegel et al., 1998). The selection of UV-excess
sources is a multi-stage process which will be described here.
• For each UVEX pointing we construct a g vs. (g − r) and g vs.
(U − g) colour-magnitude diagram (Figs. 3.1 and 3.2) and a (U − g)
vs. (g− r) colour-colour diagram (Fig. 3.3) using all stellar and prob-
ably stellar objects with a photometric error <0.1 magnitudes (see
González-Solares et al., 2008 for the classification of sources within
the IPHAS and UVEX surveys). Each object has to be detected twice
per filter band: in a direct field and in an offset field (not necessarily
the offset field belonging to the direct field).
• In the g vs. (g − r) and g vs. (U − g) colour-magnitude diagrams
the main locus of objects, containing mainly reddened main-sequence
stars and giants, and the selection boundary at the blue side of the
main locus are determined in the following steps:
a) All objects detected in the r- and g-band images are divided in
g-band magnitude bins. The width of the g-magnitude bins and the
number of bins depend on the surface density of objects in the field.
The total number of bins for a field is Nbins = 13
√
Ns, with Ns the
total number of selected objects in the field. The width (∆g) of a
given bin is determined by sorting of the objects in such a way that
for all bins the product (∆g× ns) is approximately constant, with ns
the number of objects in the given bin. The differences in this product
between the different bins is minimized in an iterative process where
two sources are added from neighbouring bins to the bin in which the
product (∆g×ns) is the smallest, and one source is taken from the bin
where this product is the largest by shifting the boundary between two
bins. This is repeated until the differences in the product (∆g×ns) is
minimized. This procedure is a compromise between using small bins
that allow for a precise following of the main locus and using many
objects per bin which suppresses statistical noise.
b) The colour (in (g−r) or (U−g)) at which the distribution of objects
peaks for each g-magnitude bin is calculated. This peak is found in
an iterative process. Per g-magnitude bin a sliding window over the
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colour distribution is used to determine the smallest window in colour
that contains 50% of the sources. The sample of sources within this
window is again searched for the smallest sub-window that contain
50% of the sources (i.e. 25% of the original total ns). This process is
repeated until only two sources are left in the final sub-window. The
average colour value of the last two sources is the peak of the distri-
bution in the particular g-magnitude bin. The colours where the bins
peak are then smoothed by averaging over the bin itself and two ad-
jacent magnitude bins, where the bin in the middle is given a double
weight. This procedure gives the thick, ‘ragged’ lines in Figs. 3.1 and
3.2.
c) In each g-magnitude bin the root-mean-square deviation for the
objects that lie to the blue of the peak is calculated using a double
pass 3-sigma-clipping. For each bin a Gaussian distribution in (g− r)
or (U − g) is assumed centred on the peak value found in step (b).
The red side of the distribution is not taken into account since the
distribution here is intrinsically wider and does not show a clear cut
off, as can be seen in Fig. 3.1. The blue edge of the main locus is now
placed at three times the root-mean-square deviation to the blue of
the peak value. This determines the final selection boundary or ‘blue
edge’. This is the left, ‘ragged’ line in Figs. 3.1 and 3.2.
• In the g vs. (U − g) and/or g vs. (g− r) colour-magnitude diagrams,
sources located more than three times their own photometric error to
the left of the blue edge are selected.
• An additional selection is made in the (U−g) vs. (g−r) colour-colour
diagram. The average position of the bulk of all objects is found by
least-square fitting a straight line to the distribution of all selected
sources. This line is broadened to a rectangular box containing the
bulk of the objects (see Fig. 3.3). The fitting of this line and the
broadening of this line to a selection box is done in a number of steps:
a) The average (g − r) and (U − g) colours of all selected objects are
calculated. The 25% of sources that lie furthest away in both colours
from this average (g − r),(U − g) position is temporarily discarded
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Figure 3.4: Histogram of projected colours parallel to the fit line of
Fig.3.3 for field UVEX 6162. The upper left side of the rectangular
selection box in the colour-colour diagram of Fig.3.3 is defined as
the last gap in the first 10% of the data projected along the main
locus. Six UV-excess sources are on the blue side of this last gap at
‘projected colour’ −1.75 to −2.35.
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Figure 3.5: The distribution of distances in (g − r) magnitudes
from the blue edge for objects selected from the 211 square degrees
shows two populations: a UV-excess sample (blue) and a ‘subdwarf’
sample (red) separated at a distance of 0.4 magnitudes from the blue
edge. The tails of these two populations partly overlap since the UV-
excess sources at a distance less than 0.4 (g − r) magnitudes from
the blue edge are at a distance more than 0.4 (U − g) magnitudes
from the blue edge in the g vs. (U − g) colour-magnitude diagram.
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from the colour-colour diagram.
b) A straight line of form (U − g)=m(g − r)+c, where m and c are
constants to be determined, is fitted via least-squares to the remaining
75% of data points. Photometric error bars on the data points are not
considered at this stage to prevent the bright stars on the blue side of
the main-sequence dominating the entire fit.
c) The standard deviation (σ), perpendicular to the straight line fitted
to the main stellar locus, is calculated. Each data point has a shortest
distance
√
((∆(g − r))2 + (∆(U − g))2) to the fit line, where ∆(g−r)
and ∆(U−g) are the differences in (g−r) and (U−g) colours between
the fit line and the data point. We calculate σ as the average of the
squared differences between the fit line and all data points. Here the
25% discarded in the previous step is included again. This standard
deviation is used for a sigma cut at 2σ (a cut at 3σ would discard
too many main-sequence sources). After this sigma cut most main-
sequence stars and UV-excess sources are still included in the sample,
but most objects both blue in (U − g) and red in (g− r) are excluded.
d) A new straight line is fitted using the standard least-square method
to the remaining data after the 2σ cut of step (c). This gives the cen-
tral straight line in the (U − g) vs. (g − r) colour-colour diagram of
Fig. 3.3. For the spread around this new line a new standard deviation
(σfinal) is calculated. σfinal is the average of the squared distances
between the data points and the new fit line.
e) The new standard deviation (σfinal) is used to broaden the fitted
line to a 3σfinal box. This gives the upper right and lower left long
sides of the rectangular box in Fig. 3.3.
f) Each data point has a projection on the fit straight line, running
from the zeropoint of step (a). These projected colours parallel to the
fit line of Fig. 3.3 are shown in the histogram of Fig. 3.4. They are
used to determine the location of the short upper and lower sides of
the rectangular box in Fig. 3.3. Because of the typically high redden-
ing of early-type main-sequence stars there usually exists a clear gap
between the UV-excess sources and the main-sequence in the (U − g)
vs. (g − r) colour-colour diagram, see Fig. 3.3. This division is de-
tected as the last gap in the first 10% of the data (see inset graph
of Fig. 3.4) that is larger than a threshold value T = d¯2ln(N), with
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N the total number of data points in the field and d¯ the average in-
terval in projected colours between the data points. This works since
d¯ ∝ 1N and the threshold value T ∝ ln(N)N , so T becomes smaller for
fields with more stars. The factor 2 was derived by optimizing the
detection of the last gap and is a compromise between selecting as
many UV-excess sources as possible and selecting no main-sequence
stars. In finding this gap all data points more than 3σ away from
the fit line of step (d) were ignored. For field UVEX 6162 the last
gap without sources larger than T is shown in Fig. 3.4 and is located
at –1.75 to –2.35. In field UVEX 6162 there are 6 UV-excess sources
to the blue of the last gap. Dense fields usually have less reddening
than sparse fields and there are simply more stars, causing both the
intervals between successive main-sequence stars and the gap between
the main-sequence and the UV-excess sources to shrink. Because the
number of intervals between main-sequence stars increases for dense
fields the chance of finding a very long interval caused by statistical
noise decreases and therefore the logarithmic term was added. The
resulting selection box around the main-sequence, starting at the end
of the gap and with a half-width of 3σ, can be seen in Fig. 3.3. The
lower boundary of the box is the reddest main locus object in the field.
The location of the mean stellar locus and the resulting selection box
are completely determined by the data. No theoretical requirements
are desired due to the absence of a global calibration at this moment,
analogous to the selection method in Witham et al. (2008).
g) Fig. 3.3 shows the fit to the main locus and the 3σ wide broadened
rectangular box containing the bulk of the objects of field UVEX 6162.
All sources more than 3 times their own photometric error to the blue
outside the selection box are selected. Additionally, sources both blue
in (U − g) and red in (g − r) that are on the right side above the
rectangular selection box are labelled as ‘purple’ candidates, see Sect.
3.4.
• In the g vs. (g−r) colour-magnitude diagram we put in the additional
limit that any UV-excess source should be bluer than (g − r)=1.25,
since all fields will contain a number of unreddened M-dwarfs and the
latest M-dwarfs have (g− r)∼1.25 (see chapter 2). We found that for
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some highly obscured fields these unreddened M-dwarfs are actually
the bluest stars in the field of view, see for example field UVEX 6167
in Fig. 2.14. Any object that meets the criteria listed above is selected.
• Selected blue objects are further separated on the basis of their dis-
tance in colour from the blue edge in the colour-magnitude diagrams.
Fig. 3.5 shows the distribution of distances in (g − r) magnitudes
from the blue edge of the sources selected on the left side of the blue
edge. These sources were selected from the first 211 square degrees
of UVEX data, see Sect. 3.4. The distribution in Fig. 3.5 shows two
populations that overlap at 0.4 magnitudes away from the blue edge.
Despite the overlap we label the objects that are more than 0.4 magni-
tudes away from the blue edge of the main-sequence in g vs. (U−g), g
vs. (g− r) or in both colour-magnitude diagrams as ‘UV-excess’ can-
didates, and we label sources less than 0.4 magnitudes away from the
blue edge as ‘subdwarf’ candidates. In Fig. 3.5 the two populations do
overlap, because the UV-excess candidates closer than 0.4 magnitudes
from the blue edge are selected in the g vs. (U − g) colour-magnitude
diagram. Objects that were selected in the blue corner of the (U − g)
vs. (g−r) colour-colour diagram are labelled as ‘UV-excess’ candidates
when they are more than 0.4 magnitudes away from the blue edge in
both or one of the colour-magnitude diagrams. Objects that were
only selected in the blue corner of the (U−g) vs. (g−r) colour-colour
diagram and less than 0.4 magnitudes away from the blue edge in
the colour-magnitude diagrams are labelled as ‘subdwarf’ candidates.
This is to avoid that scattered main-sequence sources that are just
outside the selection box are added to the UV-excess catalogue (see
Sect. 3.6). The subdwarf population, closest to the main-sequence,
can be reddened main-sequence stars if the spatial scale of the red-
dening strongly varies within the field of view of one pointing. Another
likely explanation is that these objects are a population of unreddened
metal-poor stars, which can have absolute magnitudes fainter by up
to two magnitudes compared with main-sequence stars of the same
colour (e.g. Johnson, 1955). Their smaller distances, up to a factor
2.5 closer compared to normal main-sequence stars of the same colour,
will subject them to a smaller reddening. They will therefore stand
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out in the (g) vs. (g − r) colour-magnitude diagram. We therefore
tentatively label this population as ‘subdwarfs’.
3.4 Applying the selection method: a first
sample of UV-excess sources
The selection algorithm described in Sect. 3.3 and displayed in Figs. 3.1 to
3.5 is applied to all ‘good’ UVEX data up to November 2008. These data
were obtained in June 2006, May 2007, July 2007, September 2007 and Oc-
tober 2007 (the data of October 2007 have no He i λ5875 detections). Here
‘good’ data are defined as a g-band seeing <1.′′7 and an r-band background
count rate smaller than 2000 ADU (a high background count rate indicates
observations close to the Moon or clouds). Thirty-three fields with large
photometric shifts in (g − r), (U − g) or (HeI − r) were excluded. This
results in a total of 726 direct fields (i.e. 211 square degrees). In the g-
and r-bands only ‘stellar’ and ‘probably stellar’ sources are allowed. In the
U - and He i λ5875 bands we also allow sources with morphology class 0
(‘noise-like’), since the longer integration times for U and He i λ5875 some-
times caused trailing.
The number of all selected stellar sources in the g- and r-bands from
these 211 square degrees is 7×106 (on average 3.3×104 per square degree).
The number of objects that have a U -band detection is 1.5×106 (22%), the
number of objects with a He i λ5875 band detection is 3×106 (41%) and the
number of objects with both a U - and He i λ5875 band detection is 9× 105
(13%). There are 6.3 × 105 sources that have a U -band detection but no
He i λ5875 detection. These sources are clearly visible in the He i λ5875 im-
ages but have morphology class 0 (‘noise-like’), which we allowed in the U -
and He i λ5875 bands. As a final check the UVEX finder charts of sources
that pass the selection algorithm were eye-balled. Blended objects, sources
with noise, double sources and sources close to a bright star are removed.
The eye-balling was done in a conservative way: sources with a small arte-
fact which still might be okay were also removed. Only 3% of the UV-excess
candidates was removed in the eye-balling. Five percent of the sources was
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Figure 3.6: UVEX colour-colour diagrams with all UV-excess candi-
dates (blue) and ’subdwarfs’ (red) selected from the first 211 square de-
grees of UVEX data. Overplotted are the new simulated unreddened
main-sequence (solid black) and the O5V- and supergiant reddening lines
(dashed black). These synthetic colours include the effect of the U -band
filter red leak (see Appendix A.1). The cyan and green dashed lines are the
simulated unreddened Koester DA and DB white dwarf colours (Koester
et al., 2001). Since a global photometric calibration was not applied yet
the colours plotted here might be scattered a bit. Spectroscopic follow-up
of the sources around (HeI − r) < −0.2 in the plot above which lay more
than 3σ their photometric error above the synthetic DA white dwarf track
shows that these objects are mainly scattered white dwarfs (Verbeek et al.
(2012b).
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Figure 3.7: UVEX colour-magnitude diagrams with all UV-excess can-
didates (blue) and ’subdwarfs’ (red) selected from the first 211 square
degrees of UVEX data. Since a global photometric calibration was not
applied yet the colours plotted here might be scattered a bit.
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removed because of duplicate entries in the catalogue due to field overlap.
This is consistent with the overlap between direct fields and overlap fields
(González-Solares et al., 2008). The total number of unique sources that
pass the UV-excess selection is 2 170 UV-excess sources and 9 872 additional
‘subdwarfs’. The numbers in this paragraph are summarized in Table 3.1.
All UV-excess candidates and ‘subdwarf’ sources are plotted in the
colour-colour and colour-magnitude diagrams of Figs. 3.6 and 3.7. A global
photometric calibration is not applied to the UVEX data yet, so the magni-
tudes and colours of the UV-excess sources plotted in Figs. 3.6 and 3.7 might
show a small scatter. The synthetic colours in the colour-colour diagrams
are different from the simulated colours in G09 since they include the effect
of the U -band filter red leak (see Fig. A.1 and A.2 of the Appendix). In
the colour-magnitude diagrams and in the (U − g) vs. (g− r) colour-colour
diagram it can be seen that the UV-excess candidates and the subdwarf
sample separate.
Of the objects in the UV-excess catalogue 98% is selected in g vs. (g−r),
66% is selected in g vs. (U−g), 82% is selected in g vs. (g−r) more than 0.4
magnitude from the blue edge, 63% is selected in g vs. (U − g) more than
0.4 magnitude from the blue edge, 44% is selected in both colour-magnitude
diagrams more than 0.4 magnitude from the blue edge, and 63% is selected
in the (U − g) vs. (g − r) colour-colour diagram. Of the UV-excess candi-
dates 34% is selected 0.4 magnitude from the blue edge in g vs. (g− r) but
completely not in g vs. (U − g) and 2% is selected 0.4 magnitude from the
blue edge in g vs. (U − g) but completely not in g vs. (g − r). Without
the U -band filter 16% of the sources would not be selected in the UV-excess
catalogue.
The number of UV-excess objects that have a ‘stellar’ or ‘probably stel-
lar’ U -band detection is 1546 (71.2%), the number of objects with a ‘stel-
lar’ or ‘probably stellar’ He i λ5875 band detection is 667 (30.7%) and the
number of objects with both a ‘stellar’ or ‘probably stellar’ U -band and
He i λ5875 band detection is 513 (23.6%).
Surprisingly we also find a third fairly large population of objects that
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Table 3.1: All (probably) stellar sources from 211 sq.deg.
Objects detected: Number: Fraction (%):
in the g and r-band 7× 106 100
in the U -band 1.5× 106 22
in the HeI-band 3× 106 41
in the U and HeI-band 9× 105 13
after UV-excess selection 2 170 0.03
are blue in (U − g) as well as red in (g − r). All these sources are selected
in the upper right half of the (U − g) vs. (g− r) colour-colour diagram (see
Fig. 3.3), outside the rectangular box fitted to the main-sequence and are
labelled as ‘purple’ (i.e. red and blue) sources. Purple sources in the upper
right half of the (U − g) vs. (g − r) colour-colour diagram that are below
the O5V-reddening line (see Fig. 3.6 and Fig. 2.6) are deselected because
they can be reddened main-sequence stars. Of the sources in the purple
sample 100% is selected in the (U − g) vs. (g − r) colour-colour diagram,
6% is also selected in g vs. (U − g) more than 0.4 magnitude from the blue
edge and 0% is also selected in g vs. (g− r) more than 0.4 magnitude from
the blue edge. These sources more than 0.4 magnitude from the blue edge
are not in the UV-excess catalogue. Of the purple sources 87% is selected
only in the (U − g) vs. (g − r) colour-colour diagram but not at all in a
colour-magnitude diagram.
3.4.1 The properties of the selected UV-excess cata-
logue
The complete UV-excess catalogue and the two additional ‘subdwarf’ and
‘purple’ samples can be obtained from the UVEX website2 or via VizieR3.
The columns of the catalogue and the different selection labels are explained
in Sect. 3.8.
Both the stellar sources and UV-excess candidates selected from the 211
square degrees of UVEX data are non-uniformly distributed over Galactic
2http://www.uvexsurvey.org
3http://vizier.u-strasbg.fr/viz-bin/VizieR
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Figure 3.8: Distribution of stellar sources and UV-excess sources over
Galactic latitude (upper graph). The y-axis (in logscale) shows the num-
ber of stellar sources and UV-excess candidates per square degree for the
associated Galactic latitude bin. The bottom graph shows the ratio of UV-
excess candidates and stellar sources distributed over Galactic latitude.
67
Chapter 3 : A first catalogue of automatically selected
UV-excess sources from the UVEX survey
latitude and longitude. Fig. 3.8 shows the distributions of all stellar ob-
jects and UV-excess objects over Galactic latitude. The surface density of
all stellar sources in the r- and g-bands shows a minimum centred on the
Galactic equator. The distribution of the UV-excess sources is not directly
straightforward and depends on Galactic latitude.
3.5 Source classification and cross-matches with
other catalogues
In Sect. 3.4 we have selected the UV-excess catalogue and two additional
samples: a ‘subdwarf’ sample and a ‘purple’ sample. Despite these names
each class is expected to consist of a mix of populations. For instance the
UV-excess sample will contain white dwarfs, Cataclysmic Variables, AM
CVn stars and central stars of planetary nebulae. We have therefore cross-
correlated our samples with known source catalogues, the results of which
are shown in Figs. 3.9 to 3.12 and summarized in Table 3.2. Spectroscopic
follow-up has also been obtained and will be presented in chapter 4.
3.5.1 Matches with the Simbad database
There are 24 matches (only ∼ 1% of all UV-excess sources) between the
UV-excess catalogue and known sources in Simbad, using a matching ra-
dius of 10 arcsec. These matches are plotted with their UVEX colours and
Simbad classifications in the (U − g) vs. (g − r) and (HeI − r) vs. (g − r)
colour-colour and g vs. (g− r) colour-magnitude diagrams of Fig. 3.9. The
UV-excess candidates that are found in Simbad include 2 planetary nebulae,
3 Cataclysmic Variables, 1 DA white dwarf, 2 high proper motion sources,
2 X-ray sources, 1 emission line star, 10 UV sources, 1 IR source and 2
seemingly normal stars.
Additionally there are 26 known objects from the subdwarf sample in
Simbad: 1 planetary nebula, 1 X-ray source, 1 UV source, 1 Mira star, 1
Carbon star, 2 IR sources, 1 radio source, 3 galaxies, 2 variable stars and
13 seemingly normal stars. There are 87 objects from the purple sample in
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Simbad: 2 X-ray sources, 4 T Tauri stars, 6 Mira stars, 5 Carbon stars, 12
emission line stars, 44 IR sources, 1 radio source, 2 galaxies, 3 variable stars
and 8 seemingly normal stars. The fact that three planetary nebulae are
found in Simbad shows that in the UVEX data the central star is visible.
3.5.2 IPHAS : The Deacon, Corradi, Viironen andWitham
The INT/WFC Photometric Hα Survey of the Northern Galactic Plane
(IPHAS) (Drew et al., 2005) images the same survey area as UVEX with
the same telescope and camera set-up using the r, i and Hα filters. The
astrometric precision of IPHAS is better than 0.1 arcsec (González-Solares
et al., 2008) and on the same frame as UVEX. The IPHAS initial data re-
lease (IDR) covers approximately 89 percent of the total survey area. The
result of the cross-matching with a match radius of 1.0 arcsec between our
UV-excess catalogue and the IPHAS IDR is displayed in the (r −Hα) vs.
(r− i) colour-colour diagram of Fig. 3.10. Although the match radius of 1.0
arsec is much larger than the astrometric precision of both surveys, it makes
sure that all matches are found while it is still too small for mismatches (see
González-Solares et al., 2008, Fig. 6). Close neighbours and ambiguities in
the UV-excess catalogue were already removed in the eye-balling process.
There is a match in the IPHAS IDR for 1203 objects of the UV-excess
catalogue. The majority of the UV-excess candidates with an IPHAS IDR
match overlap with the position of the simulated unreddened DA white
dwarf tracks in the (r−Hα) vs. (r− i) colour-colour diagram of Fig. 3.10.
Here a part of the UV-excess candidates is reddened and scattered. These
objects might also be QSOs and Cataclysmic Variables.
Additionally 8177 objects of the subdwarf sample and 565 objects of the
purple sample have a match in the IPHAS IDR. The subdwarfs are at the
position of slightly reddened (E(B − V ) < 1) A-type stars in the (r −Hα)
vs. (r − i) colour-colour diagram of Fig. 3.10. A small fraction of the pur-
ples is saturated in the i-band IPHAS IDR data (∼ 20% of the purples
that do not have an IPHAS IDR match), an other fraction is blended in the
IPHAS images. In the (r−Hα) vs. (r−i) colour-colour diagram it becomes
clear that the purple sample separates out in several sub-samples: one or
more is located below the position of the K- and M-dwarfs of the simulated
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Figure 3.9: Matches between the UV-excess catalogue and Simbad plot-
ted in the UVEX colour-colour and colour-magnitude diagrams. The black
solid lines are the simulated colours of unreddened main-sequence stars,
the dashed lines are the unreddened DA and DB white dwarf tracks (cyan
and green) and the O5V- and supergiant reddening line (black dashed). A
part of the matches between the additional subdwarf and purple samples
and Simbad are also plotted. The legend continues in the three sub-panels.
The Simbad object types plotted here are: Emission-line star (EM), Car-
bon star (C), Infra-Red source (IR), Radio-source (Rad), X-ray source (X),
High proper-motion star (PM), Cataclysmic Variable star (CV), Planetary
Nebula (PN), T Tau-type star (TT), Mira-type star (Mi), star (*), Vari-
able star (Var), White dwarf (WD), UV-emission source (UV) and Galaxy
(G).
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Figure 3.10: All matches between the UV-excess catalogue (blue dots),
the two additional subdwarf (red) and purple (black) samples and the
IPHAS Initial Data Release plotted in the IPHAS (r-Hα) vs. (r − i)
colour-colour diagram. Overplotted are the simulated main-sequences with
E(B − V ) = 0 and E(B − V ) = 2 (black solid lines) and the unreddened
Koester DA white dwarf track (cyan).
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unreddened main-sequence colours at (r − Hα) ∼ 0.4 and (r − i) ∼ 1, a
second population is located below the position of the late type stars at
reddening E(B − V ) ∼ 2 around (r − Hα) ∼ 1 and (r − i) ∼ 3. There is
possibly a third population of Hα emission line objects.
From IPHAS several catalogues were selected for high-proper motion
objects, Hα emission line stars, Symbiotic stars and planetary nebulae can-
didates. The result of the cross-match between these catalogues and the
UV-excess catalogue is shown in the next subsections.
High-proper motion systems: IPHAS-POSS1 proper motion stars
The IPHAS-POSS1 Proper Motion catalogue (Deacon et al., 2009) is con-
structed from POSS-I Schmidt plate data taken in the 1950s and 1400
square degrees of IPHAS Galactic Plane Survey data as a second epoch.
This proper motion catalogue has roughly a fifty years baseline and con-
tains populations such as main-sequence stars, white dwarfs, subdwarfs and
Cataclysmic Variables. The catalogue contains ∼ 105 objects with proper
motions smaller than 150 millarcseconds per year in the magnitude range
13.5 < r < 19. In the IPHAS-POSS1 Proper Motion catalogue there is
a match for 26 UV-excess candidates. We used a matching radius of 1.0
arcsec because of the IPHAS -UVEX r-band baseline of a few years, but all
matches were within a radius of 0.4 arcsec. The UV-excess candidates that
are in the IPHAS-POSS1 catalogue have proper motions between 15 mas/yr
and 150 mas/yr. The matches are overplotted in the reduced proper mo-
tion (Hr) diagram and IPHAS colour-colour diagram of Fig. 3.11 together
with all the objects in the Deacon IPHAS-POSS1 catalogue. Here reduced
proper motion is defined as Hr = r + 5log(µ) + 5, where r is the r-band
magnitude and µ is the proper motion in arcseconds per year (see Deacon
et al., 2009). The majority of the proper motion UV-excess sources over-
laps the white dwarf population around (r − i) ∼ 0. In the (r − Hα) vs.
(r−i) colour-colour diagram the UV-excess sources mainly overlap with the
simulated unreddened white dwarfs track. Also in the UVEX colour-colour
diagrams of Fig. 3.12 the matches with the IPHAS-POSS1 catalogue over-
lap with simulated white dwarfs tracks. Additionally there is a match for 9
objects from the subdwarf sample and 2 objects from the purple sample.
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Figure 3.11: IPHAS (r −Hα) vs. (r − i) colour-colour diagram (upper
graph) with the matches between the UV-excess catalogue, the subdwarf
and purple samples and the IPHAS-POSS1 catalogue (blue open trian-
gles), Witham Hα emitters (red circles), Corradi symbiotic candidates
(black triangle) and Viironen planetary nebulae (green diamonds). The
black solid lines are the main-sequence at E(B-V)=0 and E(B-V)=2, the
dashed line is the unreddened synthetic Koester DA white dwarf track.
The bottom graph shows all objects of the IPHAS-POSS1 proper mo-
tion catalogue (green dots) in the reduced proper motion diagram and the
matches between the UV-excess catalogue and the IPHAS-POSS1 cata-
logue overplotted. The blue, red and black points are respectively matches
with the UV-excess catalogue, subdwarf sample and purple sample. There
is one additional purple source at (r − i)=3.4, (r −Hα)=0.9, Hr=19.
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Hα-emission line systems: Witham IPHAS Hα emission-line ob-
jects
The Witham catalogue of Hα emission-line objects (Witham et al., 2008)
is extracted from ∼80 percent of the IPHAS Galactic Plane Survey area
data. This catalogue, selected from the (r −Hα) vs. (r − i) colour-colour
diagram, contains 4853 point sources clearly showing Hα-excess. Spectro-
scopic follow-up of ∼300 candidates shows that more than 95 percent are
indeed true Hα emitters such as early-type emission-line stars, active late-
type stars, interacting binaries, young stellar objects and compact nebulae
(see Wesson et al., 2008, Viironen et al., 2009). When the UV-excess cata-
logue is cross-matched with the Witham catalogue there is a match within
a radius of 1.0 arcsec for 15 UV-excess candidates and additionally there is
a match for 15 objects in the subdwarf sample and 37 objects in the purple
sample. These matches are plotted in Figs. 3.11 and 3.12.
Symbiotic stars: Corradi IPHAS symbiotic catalogue
Symbiotic stars (see e.g. Corradi et al., 2008 and 2010) are interacting bina-
ries composed of a hot white dwarf, accreting from a cool giant companion
through a wind or through Roche lobe overflow. Two types “Stellar” (S)
and “Dusty” (D) exist with orbital periods between 1-16 years, and more
than 20 years, respectively. The number of known systems in our Galaxy,
where 80 percent is S-type, is roughly 200 including 26 suspected candi-
dates, but the size of the total symbiotic population in the Milky Way is
still poorly known (Belczyński et al., 2000). The IPHAS symbiotic cat-
alogue (Corradi et al., 2008) was extracted from IPHAS Galactic Plane
Survey data. Cross correlating the IPHAS symbiotic catalogue (Corradi et
al., 2008) with the UV-excess catalogue results in a match for 2 sources
within a radius of 1.0 arcsec. Additionally there is a match for 23 purple
sources. These matches are also in the Witham Hα emission line star cat-
alogue. This large fraction of purple matches is due to the position of the
symbiotic stars in the UVEX colour-colour diagrams, see Fig. 3.12. In the
(HeI−r) vs. (g−r) colour-colour diagram the symbiotic candidate matches
are to the right of the characteristic “hook” of the simulated unreddened
main-sequence colours. Note that a fairly large fraction of the sources in
the IPHAS symbiotic catalogue (Corradi et al., 2008) are likely to be young
stellar objects. For most of the symbiotic candidate matches the available
74
3.5 Source classification and cross-matches with other
catalogues
spectroscopic data were checked. The majority of the UVEX symbiotic can-
didate matches turn out to be classical T Tauri stars while none of them is a
known symbiotic star, and they are found in regions of the sky close to other
Hα emitters. When the UVEX colours of these matches are compared with
simulated symbiotic colours the colours of the symbiotic candidate matches
are too blue. Therefore, these matches are not good symbiotic star candi-
dates as symbiotic stars in the Galactic Plane are generally redder.
Planetary Nebulae: Viironen IPHAS Planetary Nebulae
Approximately 2700 planetary nebulae, the evolutionary product of 0.8–
8Mmain-sequence stars before they become a white dwarf, have been
found in the Milky Way so far while population syntheses predicts a larger
population ((4.6 ± 1.3) × 104 Galactic PN with radii < 0.9 pc, Moe et al.,
2006). Extinction makes it difficult to observe planetary nebulae in the di-
rection of the Galactic Plane. The Viironen planetary nebula catalogue (Vi-
ironen et al., 2009) contains 781 planetary nebula candidates selected from
the IPHAS data. The list includes very young and proto-planetary nebu-
lae, normal planetary nebulae and other non-planetary nebula emission line
objects. Cross-correlating the Viironen catalogue with the UV-excess cata-
logue results in 0 matches within 1.0 arcsec. Only from the purple sample 6
objects have a match with the Viironen catalogue. These planetary candi-
date matches are in the same regime as the symbiotic candidates matches.
Their location in the IPHAS and UVEX colour-colour diagrams is shown in
Figs. 3.11 and 3.12. None of the matches is a known planetary nebula, and
due to the blue UVEX colour of these matches they are not good planetary
nebulae candidates.
3.5.3 The Two-Micron All-Sky Survey
The selected UV-excess sample is cross-matched with the Two-Micron All-
Sky Survey (2MASS) data (Cutri et al., 2003). Of the UV-excess candi-
dates 171 objects can be found in 2MASS within a radius of 1.0 arcsec.
Additionally there is a match in 2MASS for 3 605 subdwarfs and 732 purple
sources. This shows the good match of UVEX with 2MASS , in particular
for the redder sources. The cross-match between the UV-excess catalogue
and 2MASS will be further discussed in discussed in chapter 6.
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Figure 3.12: Result of the cross-matching between the UV-excess cat-
alogue, the subdwarf and purple samples and the IPHAS Hα emission
line objects (Witham), IPHAS-POSS1 high proper motion stars (Dea-
con), IPHAS symbiotic candidates (Corradi) and IPHAS planetary neb-
ula candidates (Viironen), overplotted on the simulated unreddened main-
sequence (solid black line) and the unreddened DA and DB white dwarf
tracks (cyan and green lines). The dashed lines are the O5V-reddening line
(upper graph) and the supergiant reddening line (bottom graph). There is
one additional purple source at (g−r)=3.02, (U−g)=2.22, (r−HeI)=1.19.
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Table 3.2: Summary of the cross-matching.
Catalogue: Nr and fraction (%) of UV/s/p:
Simbad 24/26/87 (1.11/0.26/10.8)
2MASS 171/3 605/732 (7.9/37/91)
UKIDSS 576/4 208/516 (26/43/64)
IPHAS IDR 1 203/8 177/565 (55/83/70)
Deacon IPHAS-POSSI 26/10/2 (1.20/0.10/0.25)
Witham Hα 15/15/37 (0.69/0.15/4.61)
Corradi Symbiotics 2/0/23 (0.09/0.00/2.86)
Viironen PNs 0/0/6 (0.00/0.00/0.75)
3.5.4 The UKIRT InfraRed Deep Sky Surveys
Finally the UV-excess catalogue is cross-matched with the theUKIDSS (UKIRT
InfraRed Deep Sky Surveys) Galactic Plane Survey (Lucas et al., 2008).
This survey images the Northern Galactic plane in the same Galactic lati-
tude range as UVEX in the filters J , H and K. There is a match for 576
UV-excess candidates within a radius of 1.0 arcsec in one of the filters. Of
these UV-excess candidates 219 sources have a matches in all three filters.
Additionally there is a match for 4 208 subdwarfs and 506 purples. The
cross-match between the UV-excess sample and the UKIDSS GPS will also
be further discussed in chapter 6.
3.6 Discussion and conclusions
We present the first catalogue of UV-excess sources selected from a total of
7× 106 stars in 211 square degrees of UVEX data. This catalogue contains
2 170 unique UV-excess candidates with magnitudes between 14 < g < 22.5.
With the selection technique presented in Sect. 3.3 we select on average ∼11
UV-excess candidates per square degree. Cross-matching with other cata-
logues shows that the UV-excess catalogue consist of a mix of populations
with only a small fraction that has been identified before.
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Figure 3.13: r-, g-, U -, and HeI-band magnitude distributions of
the UV-excess candidates (solid/blue) and the ‘subdwarf’ sample (dot-
dashed/red). In the histograms the number of UV-excess sources and
subdwarfs is divided by the number of stellar sources in the magnitude
bin. The number of subdwarfs is divided by the ratio of the total number
of subdwarfs and the total number of UV-excess sources.
78
3.6 Discussion and conclusions
-1
 0
 1
 2
 3
 0  0.5  1  1.5  2  2.5
(U
-g)
(g-r)
UVEX 4294
Figure 3.14: (U − g) vs. (g − r) colour-colour diagram of field UVEX
4294. Data shown are all stellar and probably stellar detections (red dots)
of field UVEX 4294 (l=43.88, b=4.67). The lines show the line fitted to
the main locus (central line) and the 3σ wide selection box. The blue,
red and black data points are respectively the UV-excess, subdwarf and
purple candidates selected from this field. The 4 magenta data points show
subdwarfs selected in the blue corner of the colour-colour diagram outside
the selection box but less than 0.4 magnitude from the blue edge in the
colour-magnitude diagrams. The black solid lines are the simulated colours
of main-sequence stars with E(B-V)=0 and E(B-V)=2, the dashed lines
are the unreddened DA white dwarf tracks (cyan) and the O5V-reddening
line (black dashed).
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Figure 3.15: Probability that a source will be picked-up by the selection
algorithm of Sect.2 depending on the position of the source in the g vs.
(g − r) colour-magnitude diagram.
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3.6.1 Completeness and reliability of the UV-excess
catalogue
An illustration of the field-to-field selection algorithm was given in Figs. 3.1
to 3.2. The technique works well, but is not perfect: main-sequence stars
at the blue side of the main-sequence may still be selected when they are
slightly scattered. In the colour-magnitude diagrams (see Figs. 3.1 and 3.2)
the edge of the selection line (left ‘ragged’ solid line) may become rather
‘jumpy’ when only a small number of main-sequence objects is detected,
leading to a loss of objects or the inclusion of too many objects at the
brighter or fainter ends. For example in the g vs. (U − g) colour-magnitude
diagram of Fig. 3.1 there is one object at g∼21 not selected as UV-excess
candidate due to the blue edge of the last bin. The number of UV-excess
candidates in the catalogue brighter than g < 16 is 23. Fig. 3.13 shows
the magnitude distributions of the UV-excess sources. The number of se-
lected UV-excess sources increases for fainter magnitudes. The probability
that a source with a particular (g − r) colour and g-band magnitude will
be picked-up in our 211 square degrees is given in Fig. 3.15. For a given
(g − r) colour the probability for faint sources to be selected is larger than
for bright objects.
We checked the colour-magnitude and colour-colour plots during our se-
lection method visually for ∼10 percent of the fields. The field with the
largest number of selected UV-excess candidates contains 15 sources. The
(U − g) vs. (g− r) colour-colour diagram of this field is shown in Fig. 3.14.
In field UVEX 4294 there are 19 sources selected in the blue corner of the
(U − g) vs. (g − r) colour-colour diagram outside the selection box. Four
of these sources (magenta in Fig. 3.14) are less than 0.4 magnitude from
the blue edge in the colour-magnitude diagrams and are in the ‘subdwarf’
sample. Three of these ‘subdwarf’ sources are probably early-type stars
since they are too close to the main locus, the fourth ‘subdwarf’ is near the
location of the UV-excess sources. The 15 UV-excess candidates in Fig. 3.14
are more than 0.4 magnitude from the blue edge in the colour-magnitude
diagrams and are on top of the unreddened white dwarf track. In very
sparse fields without blue or UV-excess sources the fit of the straight line
in the (U − g) vs. (g − r) colour-colour diagram may be completely wrong,
but this is no problem since these fields will not contribute new UV-excess
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objects to our catalogue anyway.
Guaranteeing that every object in the UV-excess catalogue is indeed a
real UV-excess source is impossible, although first preliminary spectroscopic
follow-up observations (Verbeek et al., in preparation) show that at least
80% of the UV-excess candidates are indeed genuine UV-excess sources such
as white dwarfs and white dwarf binaries. As can be seen in Fig. 3.5 the
tails of the (g− r) distributions of the UV-excess sources and the subdwarf
sample overlap. Both samples will contain some objects from the other cat-
egory since they are separated at ∆(g − r)=0.4 magnitudes from the blue
edge. In the colour-magnitude diagrams of Fig. 3.7 it can be seen that the
UV-excess candidates and the subdwarf sample separate. Still there is a
fraction of scattered subdwarfs at the location of the UV-excess sources, see
e.g. the fainter subdwarf sources with (U − g) < 0 in the g vs. (U − g)
colour-magnitude diagram of Fig. 3.7. The majority of these subdwarfs are
selected only in g vs. (g − r) less than 0.4 magnitude from the blue edge.
Also at the location of the subdwarfs in Fig. 3.7 there are ∼100 scattered
UV-excess sources, selected in several different ways. The field-to-field se-
lection algorithm can be influenced in crowded regions and regions where
extinction varies strongly. The selection algorithm can still be used when
there are magnitude offsets in the global photometric calibration. Only
when there is a large offset in (g − r) the demand that UV-excess sources
must be bluer than (g− r)=1.25 will cause problems. That is why 33 fields
with large photometric shifts were removed during the selection. The aim to
have the highest possible percentage real UV-excess sources in our sample
forces us to use a conservative selection method.
3.6.2 The two additional subdwarf and purple samples
Two additional sub-samples of 9 872 objects labelled as ‘subdwarf’ candi-
dates and 803 objects labelled as ‘purple’ sources are selected from the
211 square degrees of UVEX data. The subdwarf sample is slightly bluer
than the main-sequence and contains a mix of metal-poor stars and lightly
reddened main-sequence stars. Fig. 3.14 shows the colour-colour diagram
of field UVEX 4294 where most ‘subdwarf’ sources, selected in the g vs.
(g − r) colour-magnitude diagram, overlap with the earliest main-sequence
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stars in this field. Fig. 3.13 shows the number of subdwarfs divided by the
number of stellar sources per magnitude bin. There is a bump in the g-band
and U -band magnitude distributions for the bright subdwarfs. The bright
subdwarfs are selected in the g vs. (g−r) colour-magnitude diagram and in
the g vs. (U−g) colour-magnitude diagram but not in the (U−g) vs. (g−r)
colour-colour diagram. This is because the first bins of the blue edge in Fig.
3.1 are usually larger, while the sources of the main locus change over (g−r)
or (U − g) in these first bins. In field UVEX 4294 there are 9 sources at
the purple side more than 3 σ outside the selection box. Only the 4 purple
sources that are above the O5V-reddening line are selected in the ‘purple’
sample since the other sources might be scattered reddened main-sequence
stars. Only when there are large magnitude offsets in (g − r) or (U − g)
this demand might cause problems. Fields with obvious magnitude offsets
in (g− r), (U − g) or in (HeI− r) were removed in Sect. 3.4. In the (U − g)
vs. (g − r) colour-colour diagram it is not possible to use the reddening
vector to fit a straight line to the main locus since each field will consist of
a mix of populations at different distances subjected to different reddenings.
The cross-matching with other catalogues and databases (Deacon, Cor-
radi, Viironen, Witham, 2MASS, UKIDSS and Simbad) shows that ∼1 per-
cent of the UV-excess sources were previously known objects and ∼77 per-
cent were previously detected by IPHAS . The vast majority of objects are
not classified yet, so UVEX uncovers a large new sample of white dwarfs,
subdwarfs, Cataclysmic Variables, symbiotic stars, planetary nebulae and
other post-common-envelope objects.
3.7 Catalogue of UV-excess candidates
The complete UV-excess catalogue, and the two additional ‘subdwarf’ and
‘purple’ samples, selected from the first 211 square degrees of UVEX data
can be obtained at the UVEX website4 or via VizieR5. The UV-excess cat-
alogue, the ‘subdwarf’ and ‘purple’ samples contain 50 columns:
4http://www.uvexsurvey.org
5http://vizier.u-strasbg.fr/viz-bin/VizieR
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1–6: RA and dec.
7: UVEX field.
8–19: rav, ∆r, morp.class r, gav, ∆g, morp.class g, Uav, ∆U , morp.class U ,
Heav, ∆He, morp.class He.
20: UVEX selection flag.
21: (U − g)BlueEdge - (U − g)source - 2σ(U−g); the difference in (U − g)
between source and the blue edge in the g vs. (U − g) colour-magnitude
diagram, inclusive the photometric error of the source.
22: (g−r)BlueEdge - (g−r)source - 2σ(g−r); the difference in (g−r) between
source and the blue edge in the g vs. (g − r) colour-magnitude diagram,
inclusive the photometric error of the source.
23–34: Original magnitudes, magnitude errors and morphology classes from
the direct field: r, ∆r, morp.class r, g, ∆g, morp.class g, U , ∆U , morp.class
U , He, ∆He, morp.class He.
35–46: Original magnitudes, magnitude errors and morphology classes from
offset field: r, ∆r, morp.class r, g, ∆g, morp.class g, U , ∆U , morp.class U ,
He, ∆He, morp.class He.
47–50: Average rav.field, gav.field, Uav.field, HeIav.field magnitude of the
total field.
– Columns 8, 11, 14 and 17 contain averaged magnitudes (rav, gav, Uav
and Heav) over direct field and offset field. These magnitudes, corrected
for magnitude shifts between field and offset field, are calculated in a few
steps, e.g. for rav:
i) first (rdirect − roffset) is calculated for each coordinate match between a
field and offset field,
ii) from this (rdirect − roffset) distribution the first 25% and last 25% is
removed,
iii) from the central 50% the mean magnitude shift (rshift) between direct
field and offset field is calculated,
iv) the magnitudes of the offset field are corrected for magnitude shifts by
roffsetNEW = roffset − |rshift|,
v) per source the magnitude difference of direct field and offset field is
checked: do the magnitudes match within the error bars? Here an extra
0.05 mag is taken into account to avoid that too much sources are removed.
vi) the averaged magnitude rav is now simply calculated by: rav=(rdirect+
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roffsetNEW )/2.
– Columns 10, 13, 16 and 19 are “averaged” morphology class flags of
the direct field and offset field: the best flag of the two. The possible mor-
phology classes are: -1 (stellar), -2 (probably stellar) and 0 (noise-like).
– Column 20 is the UVEX selection flag (1, 2, 4, 32, 64, 512, 1024 or
combinations) and gives information about how the source was selected:
1) outlier on the blue side of the main-sequence in the (U − g) vs. (g − r)
colour-colour diagram.
2) outlier on the blue side of the main-sequence in the g vs. (U − g) colour-
magnitude diagram.
4) outlier on the blue side of the main-sequence in the g vs. (g − r) colour
magnitude diagram.
32) outlier on the purple side of the main-sequence in the (U−g) vs. (g−r)
colour-colour diagram.
64) outlier on the non-purple side of the main-sequence in the (U − g) vs.
(g − r) colour-colour diagram.
512) outlier on the blue side of the main-seq in the g vs. (U − g) colour-
magnitude diagram that lies more than 0.4 mag away from the main-
sequence blue edge.
1024) outlier on the blue side of the main-seq in the g vs. (g − r) colour-
magnitude diagram that lies more than 0.4 mag away from the main-
sequence blue edge.
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MNRAS, 426, 1235V (2012)
4.1 Abstract
We present the results of the first spectroscopic follow-up of 132 optically
blue UV-excess sources selected from the UV-excess survey of the Northern
Galactic Plane (UVEX). The UV-excess spectra are classified into different
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populations and grids of model spectra are fit to determine spectral types,
temperatures, surface gravities and reddening. From this initial spectro-
scopic follow-up 95% of the UV-excess candidates turn out to be genuine
UV-excess sources such as white dwarfs, white dwarf binaries, subdwarfs
type O and B, emission line stars and QSOs. The remaining sources are
classified as slightly reddened main-sequence stars with spectral types later
than A0V. The fraction of DA white dwarfs is 47% with reddening smaller
than E(B − V )≤0.7 mag. Relations between the different populations and
their UVEX photometry, Galactic latitude and reddening are shown. A
larger fraction of UVEX white dwarfs is found at magnitudes fainter than
g>17 and Galactic latitude smaller than |b| <4 compared to main-sequence
stars, blue horizontal branch stars and subdwarfs.
4.2 Introduction
Traditionally, surveys searching for faint blue objects have avoided the
Galactic Plane because of the high dust absorption. Surveys searching for
quasars and white dwarfs therefore mostly observed at Galactic latitudes
larger than |b| >30◦. Examples of such surveys are the Palomar Green
survey (PG, Green et al., 1986), the Kiso survey (Wegner et al., 1987,
Limoges & Bergeron, 2010), the Sloan Digital Sky survey (SDSS, York et
al., 2000, Yanny et al., 2009 and Eisenstein et al., 2006) and the Hamburg
Quasar survey (HQS, Hagen et al., 1995, Homeier et al., 1998) in the north-
ern hemisphere and the Montreal-Cambridge-Tololo survey (MCT, Lamon-
tagne, Demers &Wesemael, 2000, Demers et al., 1986), the Edinburgh-Cape
survey (EC, Kilkenny et al., 1997, Stobie et al., 1987), the Homogeneous
Bright Quasar survey (Cristiani et al., 1995) and the Hamburg-ESO survey
(Christlieb et al., 2001, Wisotzki et al., 1996) in the southern hemisphere.
Only the Kitt Peak-Downes survey (KPD, Downes, 1986) survey and the
Sandage Two-colour Galactic Plane survey (Lanning, 1973) observed a bit
closer to the Galactic Plane. Some of the brighest UVEX UV-excess sources
are Lanning sources (e.g. UVEXJ0328+5035 and UVEXJ0528+2716 in Ta-
ble 4.5 are in Lanning, 1973 and Lanning & Meakes, 2004 respectively).
The lowest Galactic latitudes |b| < 5◦ are still relatively unexplored (see
e.g. Fig.2 of Napiwotzki et al., 2003). In order to determine key population
characteristics of Galactic sources, such as their scaleheight or space den-
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sity, it is crucial to study the low Galactic latitude environment. The space
density of stellar remnants, such as white dwarfs, Cataclysmic Variables and
AM CVn stars, is currently poorly constrained while there must be ∼ 105
of them in the Milky Way (see Fig. 1 of Groot et al., 2009, McCook & Sion,
1999, Lépine et al., 2011 and Nelemans et al., 2001).
One of the main goals of the European Galactic Plane Surveys (EGAPS)
is to obtain a homogeneous sample of evolved objects in our Milky Way with
well-known selection limits. The UV-excess survey of the Northern Galactic
Plane (UVEX, Groot et al., 2009) images a 10×185 degrees wide band (–
5◦< b <+5◦) centred on the Galactic equator in the U, g, r and He i λ5875
bands down to ∼ 21st − 22nd magnitude using the Wide Field Camera
mounted on the Isaac Newton Telescope on La Palma. From the first 211
square degrees of UVEX data, a catalogue of 2 170 optically blue UV-excess
candidates was selected in Verbeek et al. (2012a; hereafter V12a). These
UV-excess sources were selected from the (U−g) versus (g−r) colour-colour
diagram and g versus (U − g) and g versus (g − r) colour-magnitude dia-
grams by an automated field-to-field selection algorithm. This automated
selection algorithm and the properties of the selected UV-excess catalogue
are described in chapter 3. Less than ∼1% of the selected UV-excess sources
are currently known in the literature.
Here we report our spectroscopic follow-up for 132 objects (6%) in the
UV-excess catalogue of chapter 3. This early reconnaissance is important
for the design of future colour-selection methods for various populations,
comparable to the selection techniques for e.g. the SDSS, which generally
do not have to deal with the added complication of reddening (Gänsicke et
al., 2009, Girven et al., 2011). In Sect. 4.3 the spectroscopy of the selected
sample is described, and in Sect. 4.4 the spectra are presented and classified.
The spectra are fitted to grids of model spectra in order to determine the
characteristics of UV-excess spectra classified as white dwarfs, subdwarfs,
main-sequence stars and blue horizontal branch stars. Finally in Sect. 4.5
we summarise the conclusions of the UV-excess catalogue and the spectro-
scopic follow-up. The UV-excess spectra are shown in Figs. A.3 to A.13 and
their features are listed in Table 4.5 of Sect. 4.6. All spectra and the table
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can also be obtained from the UVEX website1.
4.3 Spectroscopic follow-up of UV-excess can-
didates
Spectroscopic follow-up was obtained by three different telescopes for a to-
tal of 132 UV-excess candidates during a number of observing runs. For 100
UV-excess candidates spectroscopic observations were obtained, during two
runs in September 2009 and December 2010, with the Intermediate disper-
sion Spectrograph and Imaging System (ISIS) mounted at the 4.2m William
Herschel Telescope (WHT) at Roque de los Muchachos Observatory, on the
island of La Palma. The blue and red arms of the spectrograph were used
in combination with the standard 5300 dichroic and no order sorting filter.
The gratings R300B in the blue arm and R316R in the red arm were used
giving a dispersion of 0.86 Å/pix and 0.93 Å/pix, respectively. The central
wavelengths of the blue and red arms were λc=4700 Å and λc=6650 Å,
respectively. The slit width (1.2-1.5 arcsec) was matched with the seeing
during the observations: typically 20-30 percent larger than the seeing. The
binning was 2×2 and the read-out speed slow. We used integration times
from 300 seconds for the brightest objects at g∼15 to 1500 seconds for the
fainter sources at g∼20. This gives signal-to-noise ratio SNR≥20, which is
required for spectroscopic identification of the UV-excess sources. The goal
was to obtain a sample of spectra, distributed equally over g magnitude and
(g − r) colours in the magnitude range 13 < g < 20, covering the entire g
vs. (g− r) colour-magnitude diagram. Due to the weather and the location
of the Galactic Plane during the observations the sample is biased in mag-
nitude and right ascension. For statistics it is important to be aware of this
bias.
All the WHT/ISIS spectra were reduced using iraf2. Bias and flat
1http://www.uvexsurvey.org
2Image Reduction and Analysis Facility (IRAF) is distributed by the National Op-
tical Astronomy Observatory, which is operated by the Association of Universities for
Research in Astronomy (AURA) under cooperative agreement with the National Science
Foundation.
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Figure 4.1: The UVEX colour-colour diagrams with the classified UV-
excess candidates. The lines are the simulated colours of unreddened main-
sequence stars (solid black) and the O5V-reddening line (dashed black).
The cyan and green dashed lines are respectively the simulated colours of
unreddened Koester DA and DB white dwarfs. The different symbols indi-
cate the classification: White Dwarf (DA/DB/DAB/DC/DZ/DAe), White
Dwarf+Red Dwarf binary (DA+dM), Cataclysmic Variable (CV), T Tauri
star (TT), Be star (Be), subdwarf star (sdO/sdB), main-sequence star or
blue horizontal branch star (MS/BHB), G2V star and M-giant (G/M),
Quasi Stellar Object (QSO) and unknown (?). The sources classified as
“noisy” in Sect. 4.4.2 are not shown here. There is one more Hα emitter
classified as T Tauri star at (g− r)=1.55, (HeI − r)=0.6 and one M-giant
at (g − r)=0.28, (HeI − r)=–1.9 not shown in the (HeI − r) vs. (g − r)
colour-colour diagram. 91
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Figure 4.2: The UVEX colour-magnitude diagrams with the classified
UV-excess candidates.
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Figure 4.3: IPHAS colour-colour and colour-magnitude diagrams with
the classified UV-excess candidates that have a match in IPHAS. There is
one extra sources classified as M-giant at (r − i)=0.1, (r − Hα)=2.25 in
the (r−Hα) vs. (r− i) colour-colour diagram. The lines are the synthetic
colours of main-sequence stars (black) with reddening E(B − V )=0 and
E(B − V )=1 and unreddened Koester DA white dwarfs (cyan). Sources
that are in the Deacon IPHAS-POSS-I proper motion catalogue are en-
circled blue, sources that are in the Witham Hα emission line catalogue
are encircled red and sources that show Hα emission lines in their spectra
but are not in the Witham catalogue are encircled green. The Witham
catalogue covers the magnitude range 13< r <19.5 and the Deacon cata-
logue covers the magnitude range 13.5< r <19. The sources classified as
“noisy” in Sect. 4.4.2 are not shown here, one of them has a match in the
IPHAS-POSSI PM catalogue.
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field corrections, trimming and extraction of the spectra were done in the
standard way. The spectra were wavelength calibrated using CuNe+CuAr
calibration arcs. Standard stars BD+28◦4211, BD+25◦4655, G191–B2B,
Feige 34 and Feige 110 were used for the flux calibration of the spectra. The
spectra were not corrected for telluric absorption. Effects of cosmic rays not
removed by IRAF were corrected by hand by interpolating these pixels to
the average flux of the neighbouring pixels. The reduced WHT/ISIS spec-
tra cover the wavelength range λ=3700 Å to λ=8100 Å, with a dichroic
gap from λ=5200–5 600 Å. Two additional WHT/ISIS spectra with similar
characteristics were obtained during a run in October 2008 during follow-up
of IPHAS-POSS high proper motion candidates (Deacon et al., 2009).
Furthermore, twenty-six Hectospec (Fabricant et al., 2004) spectra are
available for the UV-excess candidates. These 26 spectra were obtained
with the MMT+Hectospec combination during IPHAS follow-up observa-
tions between 2004 and 2007, described in Sect 2.1 of Vink et al. (2008).
Hectospec is a multi-object spectrograph, fed by 300 robotically-positioned
optical fibers, attached to the 6.5m MMT telescope on Mount Hopkins, Ari-
zona, USA. The spectra cover the wavelength range λ=4000–8 500 Å and
have a dispersion of ∼6 Å/pix. Of the 26 Hectospec spectra 5 spectra are
flux calibrated. The extracted Hectospec were corrected for incomplete sky
subtraction (Vink et al., 2008) and background sky spectra were checked in
order to confirm the emission lines. Some of the Hectospec spectra shown in
the Appendix still show emission features at the wavelengths of the Balmer
lines due to bad sky subtraction in fields with diffuse emission (Fabricant
et al., 2005).
Additionally, the FAST spectrograph (Fabricant et al., 1998), mounted
on the 60-inch Tillinghast telescope, located at the Fred Lawrence Whip-
ple Observatory (FLWO) on Mount Hopkins, Arizona, obtained spectra for
candidates in the IPHAS Hα emission line list (Witham et al., 2008) and
candidates in the catalogues of chapter 3. There are 4 FAST spectra for our
UV-excess candidates obtained between 2009 and 2012. The FAST spectra
cover the wavelength range λ=3800–7 400 Å with a dispersion of ∼3 Å/pix.
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4.4 The classification of the spectroscopic ob-
servations
The results of the spectroscopic observations are presented in Table 4.5 of
Sect. 4.6, ordered by RA. The spectra of all UV-excess sources are shown
in Figs. A.3 to A.13 in the Appendix. An overview of the classification is
summarized in Table 4.1 and the classified sources are plotted in the colour-
colour and colour-magnitude diagrams of Figs. 4.1 to 4.3. The INT/WFC
Photometric Hα Survey of the Northern Galactic Plane (IPHAS, Drew et
al., 2005) imaged the same survey area as UVEX in the r, i and Hα fil-
ters, the data of the IPHAS Initial Data Release (IDR, González-Solares
et al., 2008) are used in Fig. 4.3. In the IPHAS colour-colour and colour-
magnitude diagram sources with a match in Witham Hα emission line cat-
alogue (Witham et al., 2008) or IPHAS-POSS-I proper motion catalogue
(Deacon et al., 2009) are encircled red and blue respectively. Note that a
global photometric calibration is not applied to the UVEX data yet, so the
magnitudes and colours of the UV-excess sources might show a small scat-
ter (similar to the early IPHAS data, e.g. Drew et al., 2005). Additionally,
there is a likely systematic shift in (U − g) of 0.2-0.3 magnitudes for all
sources. This U -band shift in the INT/WFC data was already reported in
Greiss et al. (2012). Both effects do not influence the result of the selection
method and the content of the UV-excess catalogue because the selection
was done relative to the reddened main-sequence population (see chapter
3 for details), however the shift does apply to the (U − g) colours given in
Table 4.5.
4.4.1 The UV-excess spectra classified as white dwarfs
A first classification of the UV-excess spectra is done by comparing them
with model spectra by eye. White dwarfs and emission-line star spectra are
separated from the subdwarf type O and B, main-sequence and blue hor-
izontal branch star spectra (see Sect. 4.4.2). Hydrogen atmosphere (DA)
white dwarfs are easily recognizable by their broad Balmer lines. We use the
classification criteria of Sion et al. (1983) and the atlas of Wesemael et al.
(1993) to classify the other different types of white dwarfs by eye. In total
we classify 85 spectra as white dwarfs. Sixty-two show only Balmer lines
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Table 4.1: Classification of UV-excess spectra.
Spec.Type Number Fraction (%)
DA 62 46.6
DB 4 3.0
DAB/DBA 5 3.8
DC 4 3.0
DZ 2 1.5
DA+dM 5 3.8
DAe 3 2.3
CV 8 6.0
T Tauri 2 1.5
Be 1 0.8
sdO 7 5.3
sdB 6 4.5
BHB/MS/F 4 3.0
BHB/MS/B 3 2.3
G/M 2 1.5
QSO 2 1.5
Unknown 2 1.5
Noisy 10 7.6
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DA DB
DZ He-sdO
 3800  4300  4800
                                                           Wavelength (Angstrom)
sdB
 3800  4300  4800
MS/BHB
Figure 4.4: Example of 6 UV-excess spectra: DA white
dwarf (UVEXJ0113+5819), DB white dwarf (UVEXJ0002+6236), DZ
white dwarf (UVEXJ0418+4417), He-sdO (UVEXJ0221+5648), sdB
(UVEXJ0202+5643) and MS/BHB star (UVEXJ0228+5846).
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Figure 4.5: Temperature-gravity diagram of the UV-excess hydrogen
atmosphere white dwarfs, determined through line profile fitting.
(DA), there are 4 white dwarfs showing only HeI lines (DB) and 5 white
dwarfs showing both Balmer and HeI lines (DBA/DAB). Four white dwarfs
have a continuum spectrum with no lines (DC) and 2 white dwarfs show
a spectrum with strong calcium lines only but no, or only little, hydrogen
and helium lines (DZ/DZA). Five objects are DA+dM composite objects,
showing a DA white dwarf in the blue part of the spectrum and an M-dwarf
in the red part of the spectrum (Lanning, 1982). Furthermore, there are
3 sources showing a DA white dwarf spectrum, with emission lines at the
centre of their Balmer absorption lines. These DAe sources are discussed in
Sect. 4.4.3. Example spectra of a DA white dwarf, DB white dwarf and a
DZ white dwarf are shown in Fig. 4.4.
White dwarf model spectra are fitted to determine the effective tempera-
ture (Teff) and surface gravity (log g) of the DA white dwarfs by two indepen-
dent methods. The first method, described in Napiwotzki (1997) and Napi-
wotzki et al. (1999), normalizes the continuum of the white dwarf spectra
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Figure 4.6: Comparison of the hydrogen white dwarf temperatures found
by the two independent fitting methods: Method 1 fits the absorption lines
of the normalized spectra and method 2 fits the continuum of the spectra
including reddening.
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Table 4.2: Result of the two fitting methods for WHT/ISIS UV-excess
spectra classified as white dwarfs. The first method fits Teff and log g, the
second method fits Teff and E(B − V ).
ID UVEX name Teff(K)/log g Teff(K)/E(B − V )
1 011311.87+581902.3 10 000/0.0
2 011754.90+581815.4 11 933±619 /8.33±0.16 13 000/0.0
3 012015.68+584318.2 36 955±899 /8.14±0.15 35 000/0.2
4 012219.81+611229.9 12 801±132 /8.1 ±0.03 11 000/0.2
5 012359.82+672223.1 57 000/0.7
6 020201.82+564744.8 65 000/0.3
7 022135.47+564436.6 10 183±46 /8.01±0.04 22 000/0.2
8 022151.40+563815.7 28 621±522 /8.19±0.12 26 000/0.1
9 022510.84+580156.6 13 124±274 /7.95±0.06 14 000/0.0
10 022615.13+581710.2 9 772 ±90 /8.54±0.07 10 000/0.0
11 023044.92+563622.6 30 091±682 /8.16±0.13 28 000/0.1
12 032737.64+530231.1 18 531±306 /8.07±0.06 18 000/0.1
13 032807.05+525737.2 23 971±310 /7.84±0.04 28 000/0.3
14 032908.01+524400.6 22 358±235 /7.83±0.04 22 000/0.2
15 032910.60+524426.3 12 852±102 /8.10±0.02 15 000/0.0
16 033118.06+530351.3 17 185±112 /8.10±0.02 17 000/0.0
17 041045.70+461137.1 14 537±2333 /7.59±0.39 22 000/0.0
18 041053.99+450706.5 16 122±370 /7.79±0.07 16 000/0.1
19 041359.37+455151.2 12 381±121 /8.11±0.03 11 000/0.0
20 041733.05+452524.4 22 697±314 /7.99±0.05 26 000/0.2
21 041902.55+434307.1 17 454±293 /8.04±0.06 17 000/0.1
22 042110.67+440945.6 20 574±300 /7.82±0.05 22 000/0.4
23 052825.82+320859.5 9 894 ±94 /8.26±0.08 10 000/0.0
24 052847.75+322330.3 12 942±607 /7.86±0.10 13 000/0.0
25 190812.07+164029.2 17 000/0.0
26 202249.99+412423.1 15 620±240 /8.15±0.07 15 000/0.4
27 202255.55+412504.9 16 309±146 /7.96±0.03 16 000/0.0
28 202350.92+423826.0 25 335±864 /8.52±0.11 24 000/0.1
29 202439.91+400630.7 24 000/0.0
30 202457.34+410804.1 22 000/0.1
31 202501.86+411626.0 14 805±252 /8.24±0.03 15 000/0.3
32 202557.21+400949.2 30 000/0.1
33 202800.47+405620.0 20 000/0.0
34 203739.63+413216.3 17 000/0.3
35 205037.81+424618.9 17 000/0.1
36 205148.13+442408.8 26 000/0.0
37 210037.77+501029.0 20 873±308 /7.93±0.05 20 000/0.0
38 210248.44+475058.9 13 348±359 /8.07±0.07 15 000/0.0
39 211718.18+550638.7 22 000/0.0
40 212409.05+555521.4 12 000/0.0
41 212852.14+542048.4 13 891±457 /8.21±0.07 15 000/0.0
42 222940.17+610700.7 22 325±515 /7.99±0.09 22 000/0.0
43 223634.77+591907.8 28 721±497 /8.01±0.11 26 000/0.1
44 223811.54+603759.9 12 633±261 /8.08±0.07 14 000/0.0
45 224010.23+555950.6 19 957±414 /8.03±0.07 20 000/0.2
46 224610.82+611450.3 20 026±617 /8.14±0.11 18 000/0.0
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and then fits the absorption lines using an interpolated grid of model spec-
tra with different Teff and log g at ∆Teff=500–2 000 K and ∆log g=0.2/0.5
intervals. The second method fits a grid of reddened white dwarfs model
spectra (Koester et al., 2001) with log g=8.0 to the spectra in the range
0.0≤E(B − V )≤1.0 at ∆E(B − V )=0.1 intervals, using the reddening laws
of Cardelli, Clayton & Mathis (1989). The second method fits the effec-
tive temperature and reddening of the white dwarfs with an accuracy of
Teff∼1 000K and E(B−V )∼0.1 (see Sect. 4.5). The Hectospec white dwarf
spectra are not fitted since they are not flux calibrated. The white dwarf
fitting results of the two methods are listed in Table 4.2. The result of the
first white dwarf fitting method is shown in the temperature-gravity dia-
gram of Fig. 4.5, The difference between the two methods is shown in Fig.
4.6, where typically the results agree within the errors. Four systems do
not have consistent fits, for these spectra the continuum fit of the second
method seems by eye to be the most suitable. For fitting of normalised pro-
files there is a strong degeneracy between a “hot” and “cold” solution, due
to a similar equivalent width of the Balmer lines, here the second method is
more robust regarding the temperature since the slope is taken into account.
The object IDs from Table 4.2 are overplotted in the colour-colour diagrams
of Fig. 4.7. The reddenings found by the second fitting method are shown
in the histogram of Fig. 4.8. Hydrogen white dwarfs typically show a red-
dening of 0.0≤E(B−V )≤0.1 with a reddening up to E(B−V )≤0.7 for the
hotter white dwarfs. As expected given their intrinsic luminosities, we see
hot white dwarfs out to larger distances compared to cool white dwarfs, thus
hot white dwarfs typically suffers from slightly larger reddening compared
to cooler white dwarfs. Cool white dwarfs can only have little reddening
since they are an intrinsically faint local population.
4.4.2 The UV-excess spectra classified as hot subd-
warfs, MS stars and BHB stars
For the classification of hot subdwarfs, main-sequence stars (MS) and blue
horizontal branch stars (BHB) stars we follow the classification scheme as
outlined in Fig.1 of Moehler et al. (1990). Most sources have hydrogen
and helium absorption lines clearly stronger than the hydrogen and he-
lium absorption lines of their best fit Pickles template spectrum, we classify
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Figure 4.7: The UVEX colour-colour diagrams with all UV-excess
sources classified as hydrogen white dwarfs, plotted with their photo-
metric error bars. The lines are the simulated colours of unreddened
main-sequence stars (dotted) and unreddened Koester DB white dwarfs
(dashed) and the numbers are the white dwarf object IDs of Table 4.2.
The five solid lines are the simulated colours of unreddened Koester DA
white dwarfs with log g=7.0,7.5,8.0,8.5,9.0 (in both colour-colour diagrams
the line with log g=9.0 is the most upper line). Data points and simulated
colours show a likely systematic shift in (U − g) colours, as explained in
Greiss et al., 2012. Note that a global photometric calibration is not ap-
plied to the UVEX data yet, due to a scatter in the HeI-band photometry
the white dwarfs do not overlap the simulated white dwarfs colours in the
(HeI − r) vs. (g− r) colour-colour diagram. The spectra of the DA white
dwarfs above or below the simulated white dwarf colours in the (HeI − r)
vs. (g− r) colour-colour diagram do not show HeI emission or absorption.
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Table 4.3: Result of the fitting for UV-excess spectra classified as subd-
warfs, main-sequence stars (MS) and blue horizontal branch stars (BHB).
The third column shows for the He-sdO, sdO, sdB and B-type BHB/MS
sources the best fit: Teff in kK, log g and log (n(He)/n(H)). For the
MS/BHB sources without He lines the third column shows Teff in kK and
log g.
UVEX name g Classification/fitting
UVEXJ000016.27+603246.3 16.761 sdB (34.4/6.0/–2.8)
UVEXJ001032.27+625050.0 16.427 He-sdO
UVEXJ020201.85+564342.3 15.238 sdB (27.5/5.5/–2.8)
UVEXJ022113.52+564810.7 17.267 He-sdO (44.0/5.5/1.4)
UVEXJ022241.76+562702.2 17.895 sdB/sdO
UVEXJ022815.18+584640.8 18.200 MS/BHB (14.2/3.8)
UVEXJ031943.45+512309.0 17.368 MS/BHB (15.8/4.3)
UVEXJ032855.25+503529.8 14.202 sdB (28.5/5.5/–2.5)
UVEXJ041745.78+454049.8 17.322 MS/BHB (13.4/3.9)
UVEXJ042125.70+465115.4 18.107 sdB+F composite
UVEXJ052835.30+271650.0 14.499 BHB/MS (17.3/3.7/–1.2)
UVEXJ193809.18+305401.5 17.038 BHB/MS (18.9/4.5/–1.5)
UVEXJ193813.83+313708.1 17.373 sdO (50.4/5.7/–1.47)
UVEXJ193847.06+312024.2 19.481 G2V, E(B − V )=0.3
UVEXJ193951.69+302600.7 17.358 sdB (27.8/4.6/–1.5)
UVEXJ194028.01+322039.8 18.638 BHB/MS (16.0/3.1)
UVEXJ194135.69+321222.0 18.892 sdB (31.0/6.0/–1.9)
UVEXJ204210.22+443928.7 18.738 sdB/sdO
UVEXJ204957.75+401637.9 15.741 He-sdO (45.9/6.1/1.4)
UVEXJ205039.07+373958.4 21.119 M5III, E(B − V )=0.0
UVEXJ223941.98+585729.1 16.020 He-sdO (47.7/5.0/–0.7)
UVEXJ224521.39+551705.3 19.632 MS/BHB (14.9/4.7)
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Figure 4.8: Distribution of E(B−V ) fit to the WHT/ISIS spectra of the
sources classified as hydrogen atmosphere white dwarfs. The number of
sources per bin is normalized by the total number of white dwarfs.
these sources as hot subdwarfs (sdB/sdO). Sources with clear HeII lines
are labeled sdO candidates and the sources without HeII lines are labeled
sdB candidates. Grids of model spectra are fitted to the spectra of the
sources classified as hot subdwarfs, MS stars and BHB stars as described in
Østensen et al. (2011). The results are listed in Table 4.3 and the spectra
of the sources classified as subdwarfs, MS stars and BHB stars are shown
in Figs. A.8 and A.9.
From the fitting we classify 4 sources as He-sdO stars, 1 sdO star, 5 sdB
stars, 1 sdB+F star. Two more sources are probably sdO/sdB stars but
they have no accurate fitting result. The sdB+F star (UVEXJ0421+4651)
has Two-Micron All-Sky Survey (2MASS, Cutri et al., 2003) photometry
J=15.7, H=15.3, K=15.3, so the F/G star dominates in the infrared (IR)
completely. An example of spectra classified as He-sdO and sdB stars are
shown in Fig. 4.4. We classify 7 sources as MS/BHB stars: 4 with Teff<16kK
and 3 B-type MS/BHB stars with Teff>16kK. An example of a spectrum
classified as MS/BHB star is shown in Fig. 4.4. Due to the signal-to-noise
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rate (SNR) and resolution of the spectra it is not possible to distinguish
BHB stars from MS stars. Higher SNR and resolution spectra are nec-
essary for a more reliable classification. Additionally, there is 1 G-type
star and 1 M-giant in the spectroscopic sample. Ten spectra with clear
hydrogen absorption lines have no fitting result. These sources are not
hydrogen atmosphere white dwarfs since the Balmer lines are too narrow,
they are probably subdwarfs, MS stars or BHB stars except for the source
UVEXJ2036+3929, which might be a white dwarf. Since it is not possible
to classify these spectra in detail and since most have low SNR they are
labeled “Noisy”. These spectra are shown in Fig. A.13.
Template spectra of main-sequence stars and giants from the library of
Pickles (1998) are fit to all main-sequence and blue horizontal branch spec-
tra, allowing for interstellar reddening in the range 0.0≤E(B − V )≤1.0 at
∆E(B − V )=0.1 intervals. The accuracy of this fitting is discussed in Sect.
4.5. The fitting of reddened main-sequence stars including their continuum
suffers from a well known degeneracy between reddened early type stars
and unreddened (or less-reddened) late type stars. We use the characteris-
tic lines of different spectral types (Morgan, Keenan & Kellman 1943) and
the equivalent width of the CaII K line at λ=3934 Å to confirm the results
of the fitting method and to break degeneracies where necessary. The G-
type star is a G2V star with reddening E(B− V )=0.3 and the M-giant has
spectral type M5III with reddening E(B − V )=0.0. We would not expect
these G2V and MIII stars in the UV-excess catalogue, they are probably
selected due to the intrinsic UVEX photometry scatter. (see Sect. 4.5).
4.4.3 The UV-excess spectra classified as emission line
stars
Among the 132 UV-excess spectra there are 11 clear Hα emission line ob-
jects, shown in in Figs. A.10 to A.11: 8 Cataclysmic Variables, 2 T Tauri
stars and 1 Be star. We classify the Classical T Tauri from the hydrogen
Balmer lines in emission on top of a M-dwarf atmosphere in combination
with a U-band excess and CaII in emission (Corradi et al., 2010, Barentsen
et al., 2011). The Hα emission lines of the T Tauri candidates have a width
of FWHM∼5 Å. The Be star is classified from the combination of a B-
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type continuum with Balmer absorption lines and a clear Hα emission line.
Additionally, three sources show a hydrogen white dwarf spectrum, with
emission cores at the centre of their Balmer absorption lines, probably indi-
cating a close low-mass companion which is not detected in the continuum.
We classify these 3 sources as DAe white dwarfs (Fig. 8 of Silvestri et al.,
2006), consisting of a hot white dwarf with a very late M-dwarf compan-
ion. The IPHAS photometry in Fig. 4.3 already shows that these white
dwarfs have a companion and infrared colours can be used to determine
the nature of the low-mass secondaries (Verbeek et al., in prep.). An other
option is that these 3 systems are Dwarf Novae (DN) (Aungwerojwit et al.,
2005, Morales-Rueda & Marsh, 2002), or they might be ‘pre-CV’ candidates
(Tappert et al., 2009 and Szkody et al., 2007). Although the hydrogen emis-
sion lines of these 3 systems is narrow, the helium emission lines are only
possible when there is accretion, so they could be Cataclysmic Variables.
Other objects in the UV-excess spectra are 2 Quasi Stellar Objects (QSOs),
one with redshift z=2.16 at (l, b)=(125◦.44, –4◦.29) and one with redshift
z=1.48 at (l, b)=(117◦.29, –4◦.43), classified using example spectra (Fig. 7 of
Brunzendorf & Meusinger, 2002). For UVEXJ0110+5829 the bluest broad
line in the spectrum is Lyα and the emission line at 6 030 Å is CIII. In
the spectrum of UVEXJ0008+5758 the bluest line is CIV, the second line
is CIII and the emission line at ∼7 000 Å is MgII.
There are two more UV-excess sources (UVEXJ2026+4050 and UVEXJ2049+3811)
both with a Hectospec spectrum, showing a continuum with several emis-
sion lines at the position of the Balmer lines. These emission features are
probably not real since they are also present in the offset sky spectrum.
Their photometry (r−Hα)∼0.4 confirms the emission features in the spec-
tra. The narrow Balmer and HeI emission lines, indicating a low-density
environment, are mostly (or completely) from the huge diffuse emission in
the field, likely a HII region. Without the emission lines they might just
be hot white dwarfs. Based on the available spectra the sources can not be
classified, so they are labeled ‘unknown’.
For two other UV-excess sources (UVEXJ0110+6004 and UVEXJ2047+4155)
there are Calar Alto 2.2m spectra available. These UV-excess sources are
not included in this paper since they are the known Cataclysmic Variables
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‘HT Cassiopeiae’ (Rafanelli, 1979) and ‘V516 Cygni’ (Spogli et al., 1998).
4.5 Discussion and conclusions
The main conclusion is that of the sources in the UV-excess catalogue 95%
are genuine UV-excess sources, such as white dwarfs, white dwarf binaries,
subdwarf stars type O and B and QSOs. Five percent of the UV-excess can-
didates are classified as main-sequence (MS) stars or blue horizontal branch
(BHB) stars with spectral types later than A0V. If the sources classified as
MS/BHB are main-sequence stars, the fitting of the Pickles library spec-
tra (Pickles, 1998) shows that 4 sources are slightly reddened F0V stars
with reddening E(B − V )≤0.1 and 3 sources are B0V-B3V stars with red-
dening 0.4≤E(B − V )≤0.5. Their spectra look like B-type main-sequence
stars, but the Balmer absorption lines are stronger than the Balmer lines
of the best fit template spectra. Since gravity is slightly high they could be
horizontal branch stars, although usually BHB stars have less helium ab-
sorption. Two of the B-type MS/BHB stars slightly blue shifted so might be
high velocity stars, UVEXJ1940+3220 has a velocity of RV=320km/s and
UVEXJ1938+3054 has a velocity of RV=163km/s. There is 1 G-type star
with as best fit a Pickles G2V star with reddening E(B − V )∼0.3. G-type
stars are expected to have colours redder than (g−r)>0.6 and (U −g)>0.4,
but they can enter the UV-excess region when they are metal weak, i.e. sub-
dwarfs type with less light blocked at the blue/UV wavelengths (Eracleous
et al., 2002). Since the number of late type stars in the fields is large, pho-
tometric errors can cause a few outliers to be scattered into the UV-excess
selection region (Krzesinski et al., 2004).
Secondly, in the colour-colour and colour-magnitude diagrams of Figs. 3.6
and 3.7 about 20% of the UV-excess sources overlaps with the location of the
‘subdwarfs’ population at (g − r)>0.3 and (U − g)>0.2. These UV-excess
sources that overlap the subdwarf area in the colour-colour and colour-
magnitude diagrams are 2 QSOs, 7 Cataclysmic Variables, 1 DAe, 2 T
Tauri stars, 1 Be star, 3 DA+dM stars, 3 He-sdO stars, 1 sdO star, 2 sdB
stars, 1 B-type MS/BHB star, 3 F-type MS/BHB stars and 1 DAB white
dwarf. For our selection of UV-excess candidates from the UVEX data this
107
Chapter 4 : Spectroscopic follow-up of UV-excess objects
selected from the UVEX survey
means that when the aim is to find white dwarfs, a colour cut can be applied
to decrease the number of other objects. But leaving these sources at the
location of the ‘subdwarfs’ out from the UV-excess catalogue would lead to
a loss of most QSOs, Cataclysmic Variables, T Tauri stars, Be stars and
DA+dM stars.
The location of the different populations in the (U−g) vs. (g−r) colour-
colour diagram and the g vs. (U − g) and g vs. (g − r) colour-magnitude
diagrams is shown in Fig. 4.1 and 4.2. Their positions match with the po-
sitions of the populations in the colour-colour diagrams of other surveys
(e.g. Fig. 1 of Krzesinski et al., 2004, Fig. 1 of Harris et al., 2003, Fig. 3 of
Stobie et al., 1997, Fig. 3 of Yanny et al., 2009 and the Figs. of Kilkenny
et al., 1997). The locations of the classified sources in the colour-colour
and colour-magnitude diagrams agree with the locations of the sources with
a Simbad match in the colour-colour and colour-magnitude diagrams in
Fig. 3.9. There is a clear relation between the different kind of sources and
the way they are selected in chapter 3. The way the sources were selected
from the colour-colour and colour-magnitude diagrams is captured in the
‘selection label’ (column 20 of the UV-excess catalogue, see the Appendix),
and is summarized for our classified sources in Table. 4.4. Only 2 DA white
dwarfs were selected less than 0.4 magnitude from the blue edge in the g
vs. (g − r) colour-magnitude diagram, the other 60 DA white dwarfs were
selected more than 0.4 magnitude from the blue edge in the g vs. (g − r)
colour-magnitude diagram. All DB and DC white dwarfs were selected both
were selected more than 0.4 magnitude from the blue edge in both colour-
magnitude diagrams and in the (U − g) vs. (g − r) colour-colour diagram,
while most DBA white dwarfs were selected less than 0.4 magnitude from
the blue edge in the g vs. (g − r) colour-magnitude diagram and in the
(U − g) vs. (g − r) colour-colour diagram. The 2 QSOs and the majority
of the Hα emission line objects were selected in the g vs. (U − g) colour-
magnitude diagram but not in the g vs. (g− r) colour-magnitude diagram.
We could improve the selection method of Sect 3.3 using these spectroscopic
results by taking only sources in the UV-excess catalogue with favourable
selection labels into account. This will increase the number of genuine UV-
excess objects to 97% by e.g. leaving out selection labels ‘514’ and ‘518’
since the largest fraction MS/BHB stars have these selection labels, but this
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Table 4.4: The selection of the classified UV-excess spectra.
Label Selected from Objects
514 g vs. (U − g) 1DAe, 1Be, 1MS/BHB, 1He-sdO, 1sdB+F
515 g vs. (U − g) & (U − g) vs. (g − r) 2CV, 2QSO, 1TT, 1DAB+dM, 1He-sdO, 1BHB/MS
518 g vs. (U − g) & <0.4g vs. (g − r) 1CV, 1DAe, 2MS/BHB, 1noisy
519 g vs. (U − g) & <0.4g vs. (g − r) & (U − g) vs. (g − r) 5CV, 4DBA, 2DA, 1TT, 2DA+dM, 4sdB, 2He-sdO, 1BHB/MS, 1G, 4n
1028 g vs. (g − r) 28DA, 1DZA, 1unknown, 1DA+dM, 1MS/BHB, 1sdB, 1n
1029 g vs. (g − r) & (U − g) vs. (g − r) 3DA, 1DA+dM
1031 g vs. (g − r) & <0.4g vs. (U − g) & (U − g) vs. (g − r) 1DA, 1MIII
1542 g vs. (g − r) & g vs. (U − g) 1unknown
1543 g vs. (g − r) & g vs. (U − g) & (U − g) vs. (g − r) 28DA, 4DB, 1DBA, 4DC, 1DAe, 1DZ, 1sdO, 1BHB/MS, 6n
will also lead to a loss of some peculiar objects such as DAe stars, Cata-
clysmic Variables and Be stars. The UVEX and IPHAS photometry can
also be combined with other (infrared and ultraviolet) surveys in order to
improve the selection of different populations (see Chapter 6).
About 64% of the UV-excess candidates turn out to be white dwarfs.
The fitting of the white dwarf models to the UV-excess hydrogen atmo-
sphere white dwarf spectra shows a distribution of 9 000K<Teff<65 000K
and an average surface gravity of log g∼8. These results are in agreement
with the results of other studies. (Liebert et al., 2005, Bergeron et al., 1992,
Napiwotzki et al., 1999, Finley et al., 1997, Gianninas et al., 2011 and Ke-
pler et al., 2007). The accuracy of the continuum fitting method applied
in Sect. 4.4.1 depends on the SNR and the flux calibration of the spectra.
For white dwarfs the accuracy of the temperature fit will approach the sur-
face temperature to typically ∼1 000K for white dwarfs with T<20 000 and
∼2 000K for the hotter white dwarfs with T≥20 000, for spectra with signal
to noise SNR>20.
When we extrapolate the result that 64% of the UV-excess catalogue
sources are white dwarfs, the complete UVEX survey will bring up a sam-
ple of ∼ 1.2×104 new white dwarfs (∼7 per square degree). If we only look
at UV-excess white dwarf sample brighter than g<20, UVEX will bring up
a sample of ∼4000 new white dwarfs with g<20 in the full survey area. The
UV-excess sample might not be complete for the coolest white dwarfs be-
low T<10 000K since they have too red colours. There is also the additional
problem of dust extinction (Sale et al., 2009), which has only a small effect
on the local white dwarf sample while it merely screens out more distant
objects. As shown in Sect. 4.4.1 reddening is typically E(B− V )≤0.1 mag-
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Figure 4.9: Galactic latitude distribution of the sources classified as white
dwarfs (blue) and the sources classified as sdO/sdB stars, MS/BHB stars
and “noisy” (red). The number of sources per bin is normalized by the
total number of obtained spectra in the latitude bin.
nitudes for most of the white dwarfs in the UV-excess catalogue. A space
density of white dwarfs (Holberg et al., 2008) in the Galactic Plane and a
comparison with population synthesis predictions will be further discussed
in Chapter 5.
The Galactic latitude distribution of the sources classified as white dwarfs
and as sdO/sdB stars, main-sequence stars and blue horizontal branch stars
is shown in Fig. 4.9. The sources labeled as “noisy” in Sect. 4.4.2 are
added to the sdO/sdB/BHB/MS sample since they probably are sdO/sdB or
MS/BHB stars. The white dwarfs are mainly detected at Galactic latitudes
smaller than |b|<4, while the distribution of sdO/sdB stars and MS/BHB
stars peaks at Galactic latitudes larger than |b|>4. This result can be ex-
plained by the absolute magnitude distribution of the different populations
in combination with the effect of extinction, as can be seen in Fig. 1 of Groot
et al. (2009).
The magnitude distribution of the spectra classified as white dwarfs and
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Figure 4.10: Magnitude distribution of the sources classified as white
dwarfs (blue) and the sources classified as sdO/sdB stars, MS/BHB stars
and “noisy” (red). The number of sources per bin is normalized by the
total number of obtained spectra in the magnitude bin.
as sdO/sdB stars, MS/BHB stars and “noisy” is shown in Fig. 4.10. The
fraction of white dwarfs clearly increases for fainter g-band magnitudes. The
total number of white dwarfs increases strongly for fainter magnitudes since
also the number of selected sources increases (see e.g. Fig. 3.7 and Fig. 1 of
Bergeron et al., 1992). The fraction of MS/BHB and subdwarf sources is
larger for the brighter g-band magnitudes, even with the sources classified
as “noisy” included in the sdO/sdB/BHB/MS sample. A larger fraction of
white dwarfs is found at magnitudes fainter than g>17.
If we assume that UV-excess candidates classified as main-sequence stars
and blue horizontal branch stars are all MS stars, we can estimate the dis-
tance d using d=100.2×(m−M−AV ) 10pc, where we use the observed g-band
magnitude as apparent magnitude (m), M is the absolute magnitude and
AV is the total extinction for the V -band filter. Since AV = RV×E(B−V ),
where we use RV=3.1 for the indicator of dust grain size distribution and
the results of the fitting in Sect. 4.4.2 for the reddening E(B−V )=AB−AV ,
we can estimate a distance range per source. In our UV-excess sample the
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Figure 4.11: Galactic latitude vs. Galactic longitude diagram with all
obtained UV-excess spectra. The classified sources are indicated with the
symbols of Figs. 1 to 3.
F-type MS/BHB stars have a g-band magnitude of 17.3<g<19.6 and red-
dening E(B−V )=0.1, the G2V star has a g-band magnitude of g=19.5 and
E(B−V )=0.3, the B-type BHB/MS stars have a typical g-band magnitude
between 14.5<g<18.6 and E(B − V )=0.4, Taking into account the effect
of reddening the distance estimations would be ∼5kpc for the G2V star
with g=19.5 and ∼8kpc for the F0V star with g=17.3 which is within the
Milky Way. For the fainter F-type and B-type stars the distances would be
∼20kpc for the F0V star with g=19.6 and ∼35kpc for the B0V star with
g=17.0 if they would be main-sequence stars. These distances would be
outside the Milky Way. Since their colours are only slightly reddened they
must be intrinsically fainter objects. So, we conclude that these objects
must be blue horizontal branch stars or subdwarf type stars.
An interesting side benefit is the detection of the 2 broadline QSOs in
the UV-excess spectra, with z∼2.16 and z∼1.48 and at |b|=4. Only about
∼10 QSOs are found at low Galactic latitude regions (Im et al., 2007, Lee
et al., 2008 and Becker et al., 1990). The Schlegel map (Schlegel et al.,
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1998) gives a reddening of E(B − V )∼0.5 for both QSOs. Due to the in-
ternal reddening of the QSOs we can not directly estimate the amount of
reddening caused by our Milky Way from their spectra (Knigge et al., 2008).
Of the UV-excess spectra 122 have a match in IPHAS . These matches
are shown in the colour-colour and colour-magnitude diagrams of Fig. 4.3.
Nine of the classified UV-excess sources are in the Deacon IPHAS-POSSI
PM catalogue (Deacon et al., 2009): 7 DA white dwarfs, 1 DC white dwarf
and 1 DA+dM binary system. Except for the DA+dM at (r − i)=1.3 all
sources overlap with the location of the white dwarf population at (r− i)∼0
in Fig. 3.11. Eight of the classified UV-excess sources are in the Witham
Hα emission line catalogue (Witham et al., 2008): 4 Cataclysmic Variables,
1 Be star, 1 Classical T Tauri star and 2 sdO candidates. There are some
sources with clear Hα emission lines in their spectra that are not in the
Witham Hα emission line catalogue. Four sources classified as Cataclysmic
Variables clearly show Hα emission in the IPHAS colour-colour diagram of
Fig. 4.3. Two of these Cataclysmic Variables are not in the Witham cat-
alogue because they have r-band magnitudes r>19.5. The Hα emission of
some other Cataclysmic Variables with EW<20Å is probably not strong
enough to be in the Witham catalogue, or they can also have variable emis-
sion.
4.5.1 Comparison with spectroscopic surveys
• We can compare our results with the spectroscopic observations of
Eracleous et al. (2002) of 27 UV-bright stars, with (U −B)<–0.2 and
magnitude 13<B<16, selected from the Sandage Two-colour Galactic
Plane survey, in the Lanning catalogue (Lanning, 1973). This sample
contains 2 DA white dwarfs, 1 DB white dwarfs, 1 DA+dM, 16 O/B
stars (60%), 1 F/G star, 1 M star, 1 sdO, 2 subdwarfs, 1 composite
object and 1 emission line star. When we compare this sample with
the sources in our UV-excess sample the distribution of spectral types
is similar. The fraction of white dwarfs and O/B stars is very dif-
ferent for both surveys, which might be due to the magnitude limit
13<B<16 of the Sandage survey and the criteria used for the classi-
fication.
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• A second sample of 46 UV-bright sources from the Sandage Two-color
Survey obtained by Lépine et al. (2011) contains 29 DA white dwarfs
(63%), 5 DB white dwarfs (11%), 3 DC white dwarfs, 1 DZ white
dwarf, 1 DA+dM, 1 sdB, 2 sdO and 4 F-type stars. Here the F-type
stars are at Galactic latitudes larger than |b| >5. When we compare
this sample with the sources in the UV-excess sample the distribu-
tion of spectral types and their variety is very similar, e.g. fraction of
white dwarfs. The number of Hα emission line objects in the Sandage
survey is very different from our UV-excess sample.
• The Kitt Peak-Downes (KPD) survey (Downes et al., 1986) sample
of 158 UV-excess objects at Galactic latitude |b|<12◦, brighter than
B<15.3 and (U − B)<–0.5 contains 21 DA white dwarfs, 13 white
dwarfs of other types, 20 sdO, 40 sdB, 5 Planetary Nebulae, 41 Be
stars, 9 Cataclysmic Variables and 9 other peculiar sources. Remark-
able is the small fraction of white dwarfs (only 22%) and the high
number of Be stars and Planetary Nebulae in the KPD survey com-
pared to the UVEX survey. This might be partly due to the Galactic
latitude difference of the two surveys and the fact that the detection
of Planetary Nebulae is strongly affected by interstellar obscuration
(Fig. 6 of Miszalski et al., 2008, Fig. 7 of Parker et al., 2006 and Moe
and De Marco, 2006) at Galactic latitudes smaller than |b|<5. Nor-
mally narrow-band and red/IR surveys would be required to select
new Planetary Nebulae. The low number of main-sequence sources in
the KPD survey can be explained by the demand (U − B)<–0.5 and
their classification of all blue continuum spectra with strong Balmer
lines as sdB candidates. This also directly explains why the number of
sdO and sdB stars in KPD is reversed compared to UVEX. Despite
the different magnitude depths and colour cuts the fraction of e.g.
QSOs, Cataclysmic Variables and DC white dwarfs is the same for
both surveys. The distribution of different spectral types over Galac-
tic latitude and Galactic longitude varies strongly as can be seen in
Fig. 4.11. When we compare only the KPD sources at Galactic lati-
tude smaller than |b| <5 and do not take the Hα emitters into account,
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the result is 16 DA, 2 DB, 1 DC, 13 sdB and 4 sdO stars. This result
is similar to our classified UV-excess spectra.
4.6 List of obtained UV-excess spectra
All UV-excess spectra, their features and classification are summarized in
Table 4.5, sorted by right ascension. The columns contain the spectrum
number and name composed of the UVEX right ascension and declination,
the Galactic longitude and latitude, the UVEX field in which the object
was selected, the UVEX selection label (column 20 of the UV-excess cat-
alogue, described in chapter 3), the UVEX photometry, if available the
IPHAS photometry, the observing run and the classification. The classi-
fication is summarized in the two last columns. Column 14 shows the type
of object and the “by eye” most appropriate spectral type of the spectrum.
Sources which have no good fitting result are labeled as “noisy” in column
14. Column 15 shows the result of the spectra fitting: for white dwarfs the
effective temperature Teff in kK and if available the surface gravity log g.
For He-sdO, sdO, sdB and BHB/MS B-type sources column 15 shows Teff
in kK, log g and log (n(He)/n(H)) and for F-type MS/BHB sources with-
out He lines Teff in kK and log g. For sources classified as MS/BHB and
for most sources labeled as “noisy” column 15 shows the most appropriate
main-sequence spectral type and reddening E(B−V ). For the Hα emission
line stars column 15 shows the FWHM and EW of the Hα line given in
units of Å.
All obtained UV-excess spectra are shown in Figs. A.3 to A.13 per pop-
ulation sorted by right ascension. These spectra and Table 4.5 can also be
obtained from the UVEX website. Note that the Hectospec spectra might
show emission features at the wavelengths of the Balmer lines due to bad
sky subtraction in fields with diffuse emission (Fabricant et al., 2005). The
Hectospec spectra were corrected for incomplete sky subtraction (Vink et
al., 2008), and they are not flux calibrated. Some of the WHT/ISIS spec-
tra obtained in December 2010 have a small hump around 5 100Å. which is
not a real feature. Also note the dichroic gap from λ=5200–5 600Å, of the
WHT/ISIS spectra due to the blue and red arm of ISIS. All UV-excess spec-
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tra were smoothed by a boxcar smoothing algorithm which takes for each
pixel also the flux of four neighbouring pixels into account with weights
1:2:4:2:1.
4.6.1 Notes to individual objects
• UVEXJ001102.23+584232.3: Classified as T Tauri candidate with un-
derlying M4V atmosphere. CaII emission and strong hydrogen lines
where Hα has FWHM=6Å and EW=–80Å
• UVEXJ011053.07+604830.9: Classified as DAe white dwarf, showing
narrow Hα, Hβ and Hγ emission lines in broad absorption lines with
additionally HeI emission, so could also be a Dwarf Nova. No sign of
a companion.
• UVEXJ012359.82+672223.1: DA white dwarf. The bump at λ=6300Å
is due to the data calibration.
• UVEXJ041926.84+440058.4: DC white dwarf, showing a very blue
continuum spectrum and possibly some weak HeI absorption.
• UVEXJ041045.70+461137.1: Only a blue WHT/ISIS spectrum was
obtained for this source, sufficient to clearly classify the source as a
DA white dwarf.
• UVEXJ041840.30+441714.1: DZ white dwarf showing a continuum
with clear CaII H and K absorption in combination with weak hydro-
gen and HeI absorption lines, similar to the DZ spectra of Sion et al.
(1990).
• UVEXJ202457.34+410804.1: There is a gap in the red spectrum at
λ=7500Å. The absorption features at λ=6200Å are not real.
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• UVEXJ202630.19+405024.1: Classified as ‘unknown’. The Balmer
and HeI emission lines in the spectrum of this source are also present
in the sky offset spectrum due to diffuse emission in the field.
• UVEXJ202712.06+424720.1: Novalike CV with broad, double peaked
Balmer and Helium lines.
• UVEXJ202744.63+405044.5: DB white dwarf. The Hα and Hβ emis-
sion lines are not real.
• UVEXJ202800.47+405620.0: Hα nebula structure around object in
IPHAS finders.
• UVEXJ203656.54+392934.9: Classified as ‘noisy’, has a white dwarf
type spectrum showing several odd lines. There is a nearby red star
on the IPHAS images.
• UVEXJ204649.51+410906.2: DZ white dwarf with clear CaII H&K
and no other lines. The Hα line is not real.
• UVEXJ204710.61+413133.5: Unclear features in the red part of the
spectrum, which may be due to a red companion. Remarkable: this
source is the bluest DA in Fig. 1 while it has (HeI − r)=0.23.
• UVEXJ204751.27+442920.1: Odd shaped Balmer lines and unclear
features in the red part of the spectrum, which may be due to a red
companion.
• UVEXJ204923.48+381139.0: Classified as ‘unknown’. The emission
lines are also present in the sky offset spectrum. These lines are mostly
(or completely) due to huge diffuse emission in the field. The sources
has a match in the IPHAS-POSS-I PM catalogue (Deacon et al., 2009).
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This indicates that the sources must be an evolved stellar objects
within the Milky Way.
• UVEXJ204945.83+382057.2: DA white dwarf. Red part of the spec-
trum too noisy (faint source g=19.7).
• UVEXJ205039.07+373958.4: M-giant with type M5III showing clear
TiO bands. No sign of a companion is found in the blue part of the
spectrum. Without a white dwarf companion normally these type of
objects are found at (g − r)∼1.5.
• UVEXJ205449.65+371953.2: T Tauri candidate with underlying M5V
atmosphere. Weak hydrogen lines where Hα has FWHM=4Å and
EW=–9Å , due to low mass accretion (Fig.1 of Barentsen et al., 2011).
• UVEXJ224112.21+564419.1: CV with broad Balmer and Helium lines,
including He II 4686: could be magnetic.
• UVEXJ224145.94+562230.0: Classified as DAe, could be a Dwarf
Nova, showing narrow Hα emission and broad Balmer absorption lines.
118
4.6 List of obtained UV-excess spectra
Table 4.5: Classifications of the UV-excess spectra.
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4.6 List of obtained UV-excess spectra
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Chapter 5 : A determination of the space density and birth
rate of hydrogen-line (DA) white dwarfs in the Galactic
Plane, based on the UVEX survey
5.1 Abstract
We present a determination of the average space density and birth rate
of hydrogen-line (DA) white dwarfs within a radius of 1 kpc around the
Sun, based on an observational sample of 360 candidate white dwarfs with
g<19.5 and (g − r)<0.4, selected from the UV-excess Survey of the North-
ern Galactic Plane (UVEX ), in combination with a theoretical white dwarf
population that has been constructed to simulate the observations, includ-
ing the effects of reddening and observational selection effects. The main
uncertainty in the derivation of the white dwarf space density and current
birth rate lies in the absolute photometric calibration and the photometric
scatter of the observational data, which influences the classification method
on colours, the completeness and the pollution. Corrections for these effects
are applied. We derive an average space density of hydrogen-line (DA) white
dwarfs with Teff>10 000K (MV<12.2) of (3.8 ± 1.1) × 10−4 pc−3, and an
average DA white dwarf birth rate over the last 7×107 years of (5.4 ± 1.5)
× 10−13 pc−3yr−1. Additionally, we show that many estimates of the white
dwarf space density from different studies are consistent with each other,
and with our determination here.
5.2 Introduction
One of the main goals of the European Galactic Plane Surveys (EGAPS 1)
is to obtain a homogeneous sample of stellar remnants in our Milky Way
with well-understood selection limits. The population of white dwarfs in the
Plane of the Milky Way is relatively unknown due to the effects of crowd-
ing and dust extinction. White dwarf space densities and birth rates have
mostly been derived from surveys at Galactic latitudes larger than |b|>30◦,
such as the Sloan Digital Sky Survey (SDSS , York et al., 2000, Yanny et
al., 2009, Eisenstein et al., 2006 and Hu 2007), the Palomar Green Survey
(Green et al., 1986 and Liebert et al., 2005), the KISO Survey (Wegner
et al., 1987 and Limoges & Bergeron, 2010), the Kitt Peak-Downes Sur-
vey (KPD, Downes, 1986) and the AAT QSO Survey (Boyle et al., 1990).
1EGAPS is the combination of the IPHAS (Drew et al., 2005), UVEX
(Groot et al., 2009) and the VPHAS+ surveys. Websites: http://www.iphas.org,
http://www.uvexsurvey.org and http://www.vphasplus.org
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Figure 5.1: Cooling track for DA white dwarfs with log(g)=8 from Wood
(1995).
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Figure 5.2: Age versus absolute magnitude for DA white dwarfs with
log(g)=8 from Holberg & Bergeron (2006) for the UVEX r, g and U filter
bands.
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However, as shown in Groot et al. (2009) the distribution of any Galactic
stellar population with absolute magnitudeMV<10 is strongly concentrated
towards the Galactic Plane in modern day deep surveys reaching limiting
magnitudes of V∼22.
Within the EGAPS project, the UVEX survey images a 10×185 degrees
wide band (–5◦< b <+5◦) centred on the Galactic equator in the U, g, r and
He i λ5875 bands down to ∼ 21st − 22nd magnitude using the Wide Field
Camera mounted on the Isaac Newton Telescope on La Palma (Groot et
al., 2009). From the first 211 square degrees of UVEX data a catalogue of
2 170 UV-excess sources was selected in Verbeek et al. (2012a; hereafter
V12a). These UV-excess candidates were identified in the (U − g) versus
(g−r) colour-colour diagram and g versus (U−g) and g versus (g−r) colour-
magnitude diagrams by an automated field-to-field selection algorithm. Less
than ∼1% of these UV-excess sources were previously known in the litera-
ture. A first spectroscopic follow-up of 131 UV-excess candidates, presented
in Verbeek et al. (2012b; hereafter V12b), shows that 82% of the UV-excess
catalogue sources are white dwarfs. Other sources in the UV-excess cata-
logue are subdwarfs type O and B (sdO/sdB), emission line stars and QSOs.
A determination of the space density and birth rate of hydrogen-line
(DA) white dwarfs in the Galactic Plane based on an observational sample
of hot candidate white dwarfs from chapter 3 is presented in this work. In
Sect. 5.3 a theoretical Galactic model population is constructed to simulate
a survey such as UVEX. In Sect. 5.4 the sample of observed candidate white
dwarfs is selected from the UV-excess catalogue, including an estimate on
completeness and homogeneity due to selection effects. In Sect. 5.5 the
method is outlined that is used to derive the effective temperatures, red-
dening, and, derived from these, the distances to the observational sample.
In Sect. 5.6 the method is applied to the observational sample, considering
three sub-samples with slightly different selection biases and model assump-
tions. In Sects. 5.8 and 5.9 a space density and birth rate for hydrogen-line
(DA) white dwarfs within a radius of 1 kpc around the Sun are derived.
Taking into account the uncertainties, we give upper and lower limits on
these derived space densities and birth rates. In Sect. 5.10 the impact of
all assumptions is discussed, the conclusions are summarized and compared
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Figure 5.3: g-band magnitude histogram for the modelled white dwarf
sample.
with the results of other surveys.
5.3 A theoretical Galactic Model sample
In the determination of the white dwarf space density and birth rate, the
observations will be compared to a Galactic model population that has been
constructed and scaled to emulate the observations. The model is detailed
in Nelemans et al. (2004) and is based on the Galaxy model according to
Boissier & Prantzos (1999), including a Sandage (1972) extinction model.
This model has been presented and used before in Nelemans et al. (2004),
Roelofs, Nelemans & Groot (2007) and Groot et al. (2009). Note that for
the simulated sample in this paper a constant white dwarf birth rate over
the last 8×108 years is assumed. Only the spatial distribution of the white
dwarfs comes from the model as described in Nelemans et al. (2004).
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Figure 5.4: Distance histogram for the modelled white dwarf sample.
The number white dwarfs brighter than g < 19.5 decreases for distances
larger than 0.25 kpc while the number of white dwarfs in the total simu-
lated sample continues to increase.
Figure 5.5: AV histogram for the modelled white dwarf sample.
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Figure 5.6: Age histogram for the modelled white dwarf sample. The
number of white dwarfs brighter than g < 19.5 decreases for older systems,
the number of white dwarfs in the total simulated sample is constant for
all bins due to the assumption of a constant birth rate.
Figure 5.7: Temperature histogram for the simulated white dwarf sam-
ple.
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A theoretical sample of 8×104 DA white dwarfs is generated by a ran-
dom distribution over ages 0-8×108 years and a model-weighted position in
the Galaxy with a Galactic longitude spread of –180◦<l<+180◦, a Galactic
latitude spread –5◦<b<+5◦(the limits of the EGAPS surveys), a distance
d<1.5 kpc and an extinction AV appropriate to their distance and Galactic
location.
Using the DA white dwarf cooling models by Wood (1995) the adopted
age distribution (<8×108 years) translates into a minimal temperature of
Teff>9 000 K. This cut in temperature is required due to the uncertainties
and incompleteness of colder white dwarfs in the observed sample (see Sect.
5.4). The temperature of the white dwarf is related to an absolute mag-
nitude (M) for each filter band (Figs. 5.1 and 5.2). For each object, the
absolute magnitude in the Vega system in the UVEX bands (MU , Mg, Mr)
has been calculated using the colour calculations of Holberg & Bergeron2
(2006), Kowalski & Saumon (2006), Tremblay et al. (2011) and Bergeron
et al. (2011), assuming a surface gravity log g = 8.0, and the UVEX filter
passbands presented in Groot et al. (2009). The magnitudes are converted
to the Vega system using the AB offsets U=-0.927, g=0.103, r=-0.164 of
González-Solares et al., 2008 and Hewett et al., 2006. These values need
to be added to the AB magnitudes to convert them to the Vega system.
Reddened apparent magnitudes and Vega colours for each white dwarf were
calculated using Aλ/AV=1.66, 1.16, 0.84 for the U -, g- and r-bands re-
spectively. To emulate the observational sample of Sect. 5.4, only white
dwarfs with g<19.5 were selected, keeping 723 systems out of the original
model sample. The reason of the magnitude cut at g<19.5 is to warrant the
completeness of the observational sample. Going deeper clearly showed a
down-turn in the number of systems in the observational sample, indicative
of loss of completeness.
The characteristics of the simulated white dwarf sample are shown in
Figs. 5.3-5.9. Figure 5.3 shows that the number of white dwarfs keeps on
increasing for magnitudes g>19.5 and only turns over around g∼25 due to
the combined effects of a minimum temperature and a limited volume in the
model. White dwarfs detectable in a survey such as UVEX are only a tip of
2http://www.astro.umontreal.ca/∼bergeron/CoolingModels
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Figure 5.10: Colour-colour diagram with the UV-excess sources of chap-
ter 3 brighter than g<19.5 (black triangles), the white dwarf candidates
in the UV-excess catalogue (blue circles), and the simulated white dwarf
sample brighter than g<19.5 (red squares). Overplotted are the simulated
colours of unreddened main-sequence stars (dashed black) and the sim-
ulated colours of unreddened Koester DA (solid black) and DB (dashed
green) white dwarfs of chapter 3. The DA white dwarf colours are shown
for different log g=7.0, 7.5, 8.0, 8.5, 9.0, where the upper line is log g=9.0.
The DA white dwarf colours cover the range 80kK> Teff >6kK No pho-
tometric error bars are plotted for clarity, photometric errors range from
0.002 mag at g=16 to <0.025 mag at g=19.5. The simulated DA white
dwarfs are distributed over the Galaxy and reddened to their Galactic po-
sition. The simulated sources around the unreddened DB track (dashed
green) are reddened hot DA white dwarfs. The vector (AV=1) shows the
direction of the reddening, its length is equal to AV=1.
132
5.4 The Observational white dwarf sample
the iceberg compared to the total population, even within a limited distance
of ∼1 kpc. No white dwarfs in the sample are brighter than g∼13.3 and all
white dwarfs brighter than g<19.5 are within d<0.92 kpc (Fig. 5.4). The
observable sample is complete to a distance of ∼0.2kpc and all systems have
extinctions smaller than AV<1.7 (Figs. 5.4 and 5.5). AV peaks between 0.3
and 0.4 for the white dwarfs brighter than g < 19.5 while it peaks between
1.7 and 1.8 for the total simulated white dwarf sample.
The age distribution is shown in Fig. 5.6, and the corresponding white
dwarf temperatures in Fig. 5.7. The fraction of hot, young white dwarfs
is larger than the fraction of older, colder white dwarfs. The number of
white dwarfs in the complete simulated sample varies with different Galac-
tic latitude and longitude. While the number of white dwarfs in the total
simulated sample is higher at Galactic latitude b=0◦ and Galactic longitude
l=0◦, the number in the g<19.5 sample is constant over Galactic latitude
and Galactic longitude. The white dwarfs brighter than g<19.5 are equally
distributed over different Galactic latitudes and Galactic longitudes due to
the limited distance probed in this first, relatively shallow sample. The dis-
tributions over distance, temperature and height above the Galactic Plane
of the numerical, observable sample are shown as red points in Figs. 5.8 and
5.9. The lines in Fig. 5.8 show for the chosen upper and lower magnitude
limits in the observable out to which distance a survey such as UVEX is
sensitive as a function of temperature.
5.4 The Observational white dwarf sample
The UV-excess catalogue of chapter 3, selected from the first 211 square de-
grees of UVEX data contains 2 170 UV-excess sources. In the colour-colour
and colour-magnitude diagrams an automated algorithm selects blue out-
liers relative to other stars in the same field. We have used recalibrated
UVEX photometry to correct for the time-variable U -band calibration as
noted in Greiss et al. (2012). The recalibrated UVEX data are explained
in Appendix 5.11.
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Figure 5.11: Colour-magnitude diagram with the UV-excess sources of
chapter 3 brighter than g<19.5 (black triangles), the white dwarf candi-
dates in the UV-excess catalogue (blue circles), and the simulated white
dwarf sample brighter than g<19.5 (red squares). No photometric error
bars are plotted for clarity, photometric errors range from 0.002 mag at
g=16 to <0.025 mag at g=19.5.
134
5.4 The Observational white dwarf sample
-1.4
-1.3
-1.2
-1.1
-1
-0.9
-0.8
-0.7
-0.6
-0.5
-0.2 -0.1  0  0.1  0.2
(U
-g)
(g-r)
10kK
20kK
30kK AV=1
(U
-g)
(U
-g)
(U
-g)
(U
-g)
(U
-g)
(U
-g)
(U
-g)
(U
-g)
(U
-g)
dT
dAV
Figure 5.12: The temperature and reddening of each white dwarf in
the observational sample are determined from the location in the colour-
colour diagram. The temperature is determined by tracing the reddening
vector (thick line) back to the unreddened synthetic log g=8.0 DA white
dwarfs model colours. The reddening corresponds with the length of the
reddening vector. The error on the determined temperature and reddening
are related the photometric error and the error on the temperature depends
on the position of the source in the colour-colour diagram.
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Since we are interested in a complete sample of white dwarfs with min-
imal pollution we select all sources with g<19.5 and (g − r)<0.4. The
distribution of the observational sample for magnitudes fainter than g>19.5
clearly showed a down-turn indicative of loss of completeness, therefore a
magnitude cut at g=19.5 is applied. The colour cut at (g − r)<0.4, which
corresponds to the colour of unreddened DA white dwarfs with Teff∼7 000K,
is applied since all DA white dwarfs in chapter 4 have (g − r)<0.4 (Fig. 4.1
and Fig. 4.2). From spectroscopic follow-up in chapter 4 it is known that the
observational sample with (g − r)<0.4 is dominated by DA white dwarfs,
and spectroscopy of the “subdwarf sample” of chapter 3 shows that the
UV-excess catalogue is complete for white dwarfs. The effects of the pol-
lution of the observational sample are corrected in Sect. 5.7. Additionally,
sources more than 0.1 magnitude above the reddened white dwarf locus in
the (g − r) vs. (U − g) colour-colour diagram are not taken into account
since they are more than 0.1 magnitude above the reddened hottest white
dwarf model.
These cuts result in an sample of 360 observed candidate white dwarfs,
which will be used as the basis of the space density and birth rate calcu-
lations in this paper. The observational white dwarf sample is shown in
the colour-colour and colour-magnitude diagrams of Figs. 5.10 and 5.11,
overplotted by the simulated sample of Sect. 5.3. The objects in the simu-
lated sample have colours similar to reddened synthetic colours shifted by
a defined amount of reddening, determined by the Galactic position of the
objects in the theoretical sample. The simulated white dwarf sample and
the observed white dwarf sample have different colours since the observed
sample has a photometric scatter and an uncertainty on the absolute cali-
bration. Additionally, from chapter 4 it is known that the observed sample
contains some non-DA sources, such as DB white dwarfs. We correct for
these non-DAs in Sect. 5.7.
5.5 Space densities and birth rates: Method
The method to derive the space density and birth rate is first to calculate
for each system in the observational sample its current temperature and
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Figure 5.13: Difference between the temperature determined from
the photometry by the vector method and the temperature determined
through line profile fitting in chapter 4. When the vector method is applied
to the original UVEX data (cases A and B) the difference in temperature
increases for hotter white dwarfs with a clear trend. For the UVEX with
a shift of (U − g)=0.2 magnitude (case C) the difference in temperature
is more scattered around zero without this trend. There are two more hot
white dwarfs at 35kK < Teff < 40kK that have a temperature difference
larger than 15kK.
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distance, and then to scale and compare the distribution of the observed
sample to the simulated, numerical sample. Herein we adjust the space den-
sity of the numerical sample to match the observed number of systems. The
test we perform here is therefore how well the observed population resem-
bles a simulated, numerical sample. In Sect. 5.10 we will discuss the validity
of our assumptions in constructing the numerical, observable sample.
To derive temperatures and distances the observed position of a source
in the (g−r) and (U−g) diagram is compared with a grid of reddened model
colours, based on the hydrogen dominated white dwarf atmosphere models
of Koester et al. (2001) for temperatures in the range 6 000≤ Teff≤80 000
K. We assume a fixed surface gravity of log g = 8.0, as this is the median
value found in the spectroscopic fitting of a representative sample of the
white dwarf systems in chapter 4 (Fig. 4.5, and e.g. Fig. 5 of Vennes et al.,
1997; Fig. 9 of Eisenstein et al., 2006). The impact of this assumption of a
fixed surface gravity of log g = 8.0 is discussed in Sect. 5.10. The reddening
grid was calculated at ∆E(B − V )=0.1 intervals. The best fit value for
an individual system is taken as the grid point with the smallest distance
to the observed value (see Fig. 5.12). Error estimates on the fit values are
obtained by projecting the 1σ photometric errors on to the grid axes, often
resulting in asymmetric errors in temperature. The distance to a source is
derived from the combination of the observed g-band magnitude, the model
absolute magnitude corresponding to the surface gravity and the derived
temperature, including the reddening value derived from the fit.
As the synthetic colour tracks of white dwarfs display a distinct ‘hook’ in
the colour-colour plane at Teff=10 000K (Fig. 10), due to the strength of the
Balmer jump, a highly reddened object may have a dual possible solution:
a high temperature/high reddening, or a low temperature/low reddening
solution. The numerical model shows that in most of the cases where a
dual solution exists, the preferred one is the hot solution. In observational
samples cool white dwarfs below Teff<10 000K are more rare (Fig. 4.5, Eisen-
stein et al., 2006 and Finley et al., 1997). Therefore it is assumed that in
all cases the hot solution is correct. The impact of this assumption will be
discussed in Sect. 5.10.
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Fig. 5.10 shows the colour-colour diagram of the selected UVEX sample
alongside theoretical tracks of cooling white dwarfs of various surface grav-
ity (log g = 7.0 - 9.0, from bottom to top). The spectroscopic analysis of
chapter 4 (Fig. 4.5) shows that the vast majority of the DA white dwarfs
in the UVEX sample have log g∼8, and should therefore lie at the log g=8
line. However, a substantial number of systems in Fig. 4.7 lie below the
line, either due to their own photometric error, the scatter in the absolute
calibration in the U -band magnitude, the lack of a global photometric cali-
bration in the UVEX survey, or a combination of all three. To investigate
the effect of this scatter on the determination of the space densities and
birth rates three separate samples are defined and analysed:
• Sample A (only systems above log g=8.0 line): In sample A, 84 white
dwarfs which are located far under/left of the unreddened synthetic
log g=8.0 colour track of Fig. 5.10 are not taken into account. To
allow for some intrinsic photometric scatter all systems that lie closer
than 0.1 magnitude left of the unreddened synthetic log g=8.0 colour
track are included, automatically have reddening E(B−V )=0, and are
assigned the temperature of the grid point on the track most closely
located to the measurement. Sample A contains 276 white dwarf sys-
tems.
• Sample B (all systems): In sample B all candidate white dwarfs shown
in Figs. 5.10 and 5.11 are included. Temperatures and reddening vec-
tors are compared to log g=8.0 models only. For systems below the
log g=8.0 line, temperatures and reddenings are assumed to be those
of the closest grid point on the log g=8.0 line. This sample will cor-
rectly include the number of systems present, but will overestimate
the number of systems at very low reddenings. Sample B contains
360 systems in our footprint.
• Sample C (shifted U-band): In sample C a shift of (U − g)=–0.2 is
applied to all systems in the observational sample. This brings the
vast majority of systems above the log g=8.0 line. The magnitude of
the shift is the maximum scatter observed in the U -band calibration
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and will therefore in general overestimate the actual calibration uncer-
tainty. A consequence of the (U−g) shift is that each white dwarf will
get a different colour, and so a different Teff , E(B − V ) and distance.
Sources that are more than 0.1 magnitude above the white dwarf grid
after the colour shift are not taken into account. This sample excludes
a fraction of systems and will lead to an overestimate of the number of
hot, distant systems. Sample C contains 303 systems in our footprint.
Note that samples A and C do not give the best exact value of the space
density and birth rate, but are presented to show the effect of a colour
shift or cut log g>8. To obtain a feel for the accuracy in temperature and
reddening from the photometric method, the effective temperature (Teff),
surface gravity (log g) and reddening of the 20 UVEX white dwarfs with
Teff>20 000K in chapter 4 (Table 4.2, Fig. 4.5) were compared with the pho-
tometric method, with and without applying any shifts, and the results are
shown in Fig. 5.13. For samples A and B, the difference in effective temper-
ature found by the photometric method and determined through line profile
fitting in chapter 4 appears to increase for hotter white dwarfs. This trend
is less clear for sample C, see Fig. 5.13.
In the photometric method the error on the temperature depends on
the (g − r) and (U − g) colours of the white dwarf. The errors on the
temperature and reddening due to the method are between ∆Teff=2000K
for white dwarfs of Teff=25 000 K and ∆Teff=15 000K for white dwarfs of
Teff=60 000 K and ∆E(B − V )∼0.03 for sources with a photometric error
of ∆g=0.01 mag. However, the uncertainty in temperature and reddening
is larger because of the lack of a global photometric calibration.
Photometric distances (d) to all systems in the observed samples were
calculated using
d = 0.01× 100.2(mg−Mg−Ag)(kpc)
, where mg and Mg are the observed and absolute g-band magnitude and
Ag is the extinction in the g-band. The absolute magnitudes of Holberg &
Bergeron (2006) are used, assuming log g=8.0 for all white dwarfs.
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Table 5.1: Kolomogorov-Smirnov tests between the derived, observed,
and numerical distributions for Samples A-C.
Distribution Sample A Sample B Sample C
(D, p) ((D, p) (D, p)
Magnitude (0.09,0.07) (0.08,0.11) (0.09,0.09)
Reddening (0.40,4.0×10−26) (0.30,1.2×10−18) (0.41,9.6×10−30)
Distance (0.07,0.25) (0.06,0.49) (0.22,1.2×10−8)
Temperature (0.20,6.2×10−7) (0.17,3.0×10−6) (0.36,1.1×10−22)
5.6 Results
For illustration purposes only the distribution comparisons for sample B are
shown here (Figs. 5.14 to 5.17). The histograms of all three samples (A-
C) are shown in Figs. 5.24 to 5.27 of 5.12. For the magnitude, reddening,
distance and temperature distributions, sample B is most consistent with
the simulated sample. Because sample B is most complete and has the best
Kolomogorov-Smirnov (KS) results, this sample will be emphasized in the
next sections.
To test whether the distributions in temperature, distance and redden-
ing between the observational and numerical sample are consistent with
each other, a KS test was performed on the cumulative distributions in
magnitude, reddening, distance and temperature, with limiting values of
13<g<19.5, 0<E(B − V )<0.7, 0<d(kpc)<1.0 and 10 000<T (K)< 80 000.
The results of the KS-test are summarized in Table 5.1. The D-value is the
maximum distance between the cumulative distributions and the p-value is
the probability that the observational and numerical samples are the same
distributions. If the D-value is small or the p-value is high, the hypothesis
cannot be rejected that the distributions of the numerical and observational
samples are the same.
Our main conclusion from Table 5.1 and the distributions shown in Figs.
5.14 to 5.17 is that the numerical sample reproduces the reconstructed
observational samples reasonably accurate, except for the reddening and
temperature, where, for sample B, the reddening gradient is too shallow.
There are not enough observed systems at low reddening, and too many at
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high reddening. Note however, that the model reddening is a very simple
Sandage-type relation and can therefore easily underestimate the amount
of reddening in the local volume.
Figs. 5.18 and 5.19 show the main similarities and differences between
the observed white dwarf sample and the theoretical g<19.5 sample. In Fig.
5.18 there is a clear lower limit in the distance-temperature distribution due
to a linear relation between the distance and reddening for the theoretical
white dwarfs, while there are candidate white dwarf in the observational
sample that have little reddening at a large distance or strong reddening at
a small distance as a result of the method in Sect. 5.5. Note that due to the
method of Sect. 5.5 the results of Teff and E(B−V ) are strongly correlated.
All white dwarfs have a height above the plane smaller than 0.07 kpc (Fig.
5.19), which is a consequence of the UVEX Galactic latitude limit |b|<5◦,
and all white dwarfs are within a distance of 1.0 kpc due to the brightness
limit of UVEX.
The vector method finds several solutions at Teff=80kK since that is the
hottest model of the white dwarf grid, see Fig. 5.15. A small fraction of
these sources might be photometrically scattered DA white dwarfs, white
dwarfs hotter than ∆Teff>80 000K, non-DA white dwarfs (DB, DA+dM) or
subdwarfs. As shown in chapter 4 and in follow-up spectroscopy of the com-
parable region in the Sloan Digital Sky Survey (Rau et al., 2010; Carter et
al., 2012), the majority of these objects are helium-line (DB) white dwarfs,
subdwarfs, DA+dM stars and Cataclysmic Variables. These hottest solu-
tions also induce the peaks at 0.8<E(B − V )<0.9 and 1.2<d(kpc)<1.3 in
Figs. 5.16 and 5.17.
The maximum reddening of E(B−V )=0.7 in Fig. 5.16 corresponds with
a maximum extinction of AV=2.2 using RV=3.1 and is in agreement with
Fig. 4.8. The difference between the theoretical and observational sample
for reddening smaller than E(B − V )<0.2 might be due to the method to
determine the temperature and reddening of the UV-excess sources below
the unreddened white dwarf track. The method assumes the nearest grid
point for these sources while these sources might be slightly more reddened
in reality.
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5.7 Completeness of the observed sample
Before space densities and birth rates can be derived by scaling the observed
sample to the numerical sample, a number of corrections to the observed
sample need to be applied:
5.7.1 Non-DA white dwarf selection
In the spectroscopic follow-up of the UV-excess catalogue presented in chap-
ter 4, it was concluded that 67% of the sources with g<19.5 and (g−r)<0.4
were indeed DA white dwarfs (Fig. 4.1 and Fig. 4.2). Fifteen percent was
classified as white dwarfs of other types (DB, DAB, DC, DZ, DA+dM, DAe)
and 18% were non-white dwarfs (Cataclysmic Variables, Be stars, sdO/sdB
stars). For a correct derivation of the space number density and birth we
correct for the fraction of genuine DA white dwarfs and take the 67% into
account. This is the largest correction made to the observed numbers.
5.7.2 Non-selection of DA white dwarfs
From spectroscopic follow-up of the “subdwarf sample” of chapter 3 it is
concluded that the method described in chapter 3 selects all observable
white dwarfs, so the observational sample is almost complete in its selec-
tion of white dwarfs with temperatures Teff>10 000K (MV<12.2). In both
the theoretical and observational samples, only white dwarfs hotter than
Teff>10 000K are taken into account, due to the distinct ‘hook’ in the syn-
thetic colours of white dwarfs in the (U − g) vs. (g − r) colour-colour
diagram The brightest UV-excess candidates with g<16 and (g − r)<0.4
have a chance not to be selected, see Fig. 3.14. The sources brighter than
g<16 are a small fraction of only 2% of the theoretical sample and 3% of
the observational sample. Additionally, in the simulated white dwarf sample
there are 3 sources with (g − r)>0.4, so some reddened white dwarfs could
be missed in the observational sample because they are at (g− r)>0.4. For
the derivation of the space number density and birth, these effects are not
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Figure 5.14: Histogram of g-band magnitudes of the UV-excess white
dwarf candidates of sample B and the simulated white dwarf sample.
Figure 5.15: Temperature histogram of the UV-excess candidate white
dwarfs of sample B and the simulated white dwarf sample.
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Figure 5.16: Histogram of E(B − V ) of the UV-excess candidate white
dwarfs of sample B and the simulated white dwarf sample.
Figure 5.17: Distance histogram of the UV-excess candidate white dwarfs
of sample B and the simulated white dwarf sample.
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taken into account, since both contributions are negligible.
5.8 Derivation of the white dwarfs space num-
ber density
The observed white dwarf sample from UVEX is selected from 211 square
degrees along the Galactic Plane. The simulated numerical sample is ob-
tained from the full Galactic Plane (3 600 square degrees). Since the sample
with g<19.5 shows no longitude or latitude dependence, the area ratio be-
tween the observed sample and the simulated sample is simply a factor
211/3 600. Assuming equal depths of 1.0 kpc, the volume of the simulated
white dwarf sample is 0.365 kpc3 and the observed white dwarf sample is
the same factor 3600/211 times smaller.
The observed UV-excess samples (A,B,C) contain (276,360,303) sources
and the simulated sample contains 723 white dwarfs in the full Plane. If we
correct the observed sample for the fraction of genuine DA white dwarfs
(67%), there are (185,241,203) DA white dwarf candidates in a volume
within 1.0 kpc. If we correct the volume of the observed sample there
would be 723× (211/3 600)=42.4 times more theoretical white dwarfs in
the volume. The difference between the number of observed white dwarfs
and number of simulated white dwarfs is a factor (185,241,203)/42.4 =
(4.36,5.68,4.79) for cases (A,B,C).
Using these ratios to scale the observed sample to the total numerical
sample of 8×104 white dwarfs with Teff>10 000K, an average space density
in a volume within a radius of 1 kpc around the Sun is obtained of ρA = 2.9
± 0.8× 10−4 pc−3, ρB = 3.8 ± 1.1× 10−4 pc−3 and ρC = 3.2 ± 0.9× 10−4
pc−3. These results are summarized in Table 5.2. The derivation of the
errors here is explained in Sect. 5.10.
To test the validity of the model assumption on Galactic reddening,
and to test the sensitivity of the result as a function of the actual dis-
tance/volume used in the calculations, the cut-off distance has been varied
between 0.1 and 1.0 kpc in steps of ∆d=0.1 kpc. The resulting average
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Figure 5.18: Temperature versus distance of the UV-excess candidate
white dwarfs (sample B) from UVEX (blue) and the simulated sample
(red).
Figure 5.19: Height above the plane versus distance of the UV-excess
candidate white dwarfs (sample B) from UVEX (blue) and the simulated
sample (red).
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Figure 5.20: Space density versus distance for the three different sam-
ples (A,B,C), demonstrating that the space densities derived only slightly
depend on the volume. Here the error bars indicate the number of
white dwarfs (N) used to derive each space density and are calculated
as 1/
p
(N).
Table 5.2: Space densities for DA white dwarfs with Teff >10 000K and
birth rates from UVEX .
Case Space density (10−4pc−3) Birth rate (10−13pc−3yr−1) Caveats
A 2.9 ± 0.8 5.4 ± 1.5 Not complete
B 3.8 ± 1.1 5.4 ± 1.5 Too many E(B − V )=0
C 3.2 ± 0.9 7.3 ± 2.0 Too many hot/young
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space densities are shown in Fig. 5.20, which shows that the result is very
stable in the range 0.6 - 1.0 kpc. Below 0.5 kpc the results change rapidly,
both within one sample as well as between the three samples. This is caused
by low number statistics, combined with the relatively large uncertainties
on individual systems, inherent to the photometric method of deriving tem-
peratures and reddenings.
5.9 Formation rate of DA white dwarfs in the
Galactic Plane
For the derivation of the birth rate of DA white dwarfs, only objects with
Teff≥20 000K are taken into account. The samples are limited to Teff≥20 000K
since for the hottest systems the cooling tracks is less uncertain (see Fig.
5.1) and the assumption of a constant birth rate is more realistic, while for
a higher Teff the number of systems in the samples would become too small.
From the cooling tracks of Fig. 5.1 we assume that all white dwarfs in the
samples with Teff≥20 000K are younger than ∼ 6.9 × 107 years. From the
211 square degrees of chapter 3 there are (153,154,211) white dwarf candi-
dates with Teff≥20 000K for samples A, B and C of Sect. 5.5, respectively,
taking the 67% into account. This area of 211 square degrees has a volume
of 2.14 × 10−3 kpc3 using a depth of 1.0 kpc.
Within the full numerical sample there are 2 024 white dwarfs with
Teff≥20 000K within 1.0 kpc, of which 267 have a magnitude g<19.5 and
fall within the simulated sample. If we correct for the volume and the ratio
between simulated and observed sources the same way as in Sect. 5.8, the
birth rate for the samples A, B and C is (5.4 ± 1.5) × 10−13 pc−3yr−1, (5.4
± 1.5) × 10−13 pc−3yr−1 and (7.3 ± 2.0) × 10−13 pc−3yr−1. These results
are summarized in Table 5.2. The derivation of the errors here is explained
in Sect. 5.10.
So far the birth rate is derived using the samples limited to Teff≥20 000K.
Fig. 5.21 shows that birth rate varies between 2.5 × 10−13 pc−3yr−1 and
6.7 × 10−13 pc−3yr−1 for different limits of Teff . However, the birth rates
at Teff≥26 000K are influenced by the shape of the cooling tracks and the
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age versus absolute magnitude relation (Fig. 5.2), while the birth rates at
the higher temperatures are affected by low number statistics.
5.10 Discussion and conclusions
A derivation of the average space density and birth rate within a radius
of 1 kpc around the Sun very much depends on the ability to construct
volume-limited samples, to estimate the completeness and biases in the ob-
servational sample, and the accuracy of deriving fundamental parameters
from observational characteristics. As outlined in Sect. 5.6, the space den-
sities have been estimated using three observational samples, each with its
own set of biases and/or corrections. Sample A is a conservative lower limit,
since this sample excludes white dwarfs left from the unreddened log g=8.0
colour track in the colour-colour diagram. In sample B all white dwarfs are
taken into account, so the space density derived from this sample is the most
complete, however, the method overestimats the number of systems with no
reddening. For sample C the space density is also a lower limit, since the
sample excludes a fraction of systems above the grid, while the derived birth
rate is too large due to an overestimate of the number of hot/young systems.
A number of caveats and limitations are in common between the three
samples. The estimated space density depends on: i) the distance deter-
mination, ii) uncertainties in the method for estimating the temperature
and reddening of the white dwarfs in the observational sample, iii) the as-
sumption about the amount of reddening/extinction, iv) the magnitude cut
g<19.5, v) the colour cut (g − r)<0.4, vi) the assumption of log g=8.0 for
all white dwarfs, vii) the fraction of genuine white dwarfs in the UV-excess
catalogue and viii) the binary fraction in the UV-excess catalogue. The
estimated white dwarf birth rate depends on these points as well, with the
additional assumptions about the cooling time and constant birth rate.
The distance estimates to individual systems strongly depend on the
assumed absolute g-band magnitudes from Holberg & Bergeron (2006), as-
suming log g=8.0 for all white dwarfs. The absolute magnitudes follow from
the temperature and reddening determined from the UVEX photometry. If
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the absolute magnitude would be brighter than derived, the white dwarfs
would be detectable over a larger volume. In the most extreme cases, for
example due to a maximal shift in (U − g) of –0.2 magnitudes, the temper-
ature determinations are off by ∆Teff=+6000K for cool white dwarfs and
up to ∆Teff=+30 000K for the hottest white dwarfs. The surface gravity
determination could be off by ∆ log g=0.5 (Fig. 4.5). We note that although
in the last case we would strongly overestimate an absolute bolometric mag-
nitude, the effect is ameliorated by the fact that the change in the absolute
g-band magnitude is less severe at these very hot temperatures. In these
cases the absolute magnitude would be overestimated by Mg∼1 magnitude
on an individual basis. If the apparent magnitude of a source at 1.0 kpc
would change by mg=0.1 magnitude, the distance would typically change
by 5%. If this would be the case for the total sample, this would mean
a maximal increase or decrease of 15% of the total survey volume. There
might be a Malmquist-type bias in the distance-selected observational sam-
ple. There will be distance uncertainties since the observational sample
will include white dwarfs which are outside the chosen distance limit, but
brought in because of distance errors, and it will exclude objects which are
moved to outside of the distance limit because of distance errors. There is
no direct effect since the observational sample is compared to the simulated
sample, and the space densities, calculated using different volumes in Fig.
5.20, depend only slightly on the volume. For the derivation of an error on
the space number density (see below), the effect of this bias is taken into
account within the factor of 15% of the photometric scatter.
The colour cut (g − r)<0.4 and the magnitude cut g<19.5 will cause
a loss of systems on the total number of white dwarfs in the observational
sample. In the simulated sample there are 3 white dwarfs with (g − r)>0.4
and g<19.5: a fraction of ∼0.4%, negligible compared with the other correc-
tion factors applied (see Fig. 5.14). In the observed UV-excess sample there
are no sources with (g− r)>0.4 spectroscopically confirmed as white dwarfs
in chapter 4. The probability that a source with g<19.5 and (g − r)<0.4
will be picked-up by the selection algorithm (Fig. 3.14) drops for sources
brighter than g=16 and redder than (g − r)>0.2 to ∼50%. Unreddened
white dwarfs cooler than Teff<7 000K have synthetic colours (g − r)>0.4,
due to the colour cut the final white dwarf sample is incomplete for these
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cool white dwarfs. However, in the comparison with the numerical model
these cool dwarfs have also been excluded, and their exclusion from the
observational sample therefore does not influence the estimate on the space
density of hotter white dwarfs (T>10 000 K).
The magnitude cut at g<19.5 is applied due to the difference between
the magnitude distributions of the simulated sample and the observational
samples for magnitudes fainter than g>19.5. For fainter magnitudes the
number of white dwarfs in the simulated sample increases strongly while
the number of white dwarfs in the observational sample starts to drop. For
magnitudes g>19.5 the observational sample is not complete which would
influence the result of the space density. If a magnitude limit of g<20.0 was
chosen, the space densities would have been (2.4 ± 0.7) × 10−4 pc−3, (3.2
± 0.9) × 10−4 pc−3 and (2.7 ± 0.8) × 10−4 pc−3 for the three samples
(A,B,C), which is ∼16% smaller.
The UV-excess catalogue was selected from 726 partially contiguous‘direct’
fields, as defined in González-Solares et al. (2008). Because of the tiling
pattern of the IPHAS and UVEX surveys a completely contiguous area of
this number of fields would result in an overlap in area of <5%, which is the
maximal correction on the 211 square degree area that could be applied.
Over the covered area a number of sources might be missed because they
fell on dead pixels or very near the edges of the CCDs. However, the WFC
consists of high quality CCDs and the total dead area is <1%.
An assumption that may strongly affect the estimates is the assumption
of log g=8.0 for all sources. This has been motivated by the findings in
chapter 4 (Fig. 4.5) and the well known strong biases in previous studies of
the white dwarf population towards log g=8.0 (e.g. Fig. 5 of Vennes et al.,
1997 and Fig. 9 of Eisenstein et al., 2006.). At face value Fig. 5.10 suggests
that in the Plane a substantial number of sources exist with log g < 8, al-
though this is not substantiated by the spectroscopic fitting in chapter 4.
However, if a large number of lower gravity systems are present, this would
lead to an overestimate of the space density since lower gravity systems are
more luminous at a given temperature and the observed sample therefore
occupies a larger volume. At a given temperature log g=7.5 gravity white
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dwarfs will have larger absolute magnitudes of ∼ 0.8-0.9 mag compared to
log g=8.0 of DA white dwarfs. Their distance would be underestimated, and
so also the space density would be overestimated by a factor of ∼25%. For
the derivation of an error on the space number density (see below), an error
on the surface gravity of ∆ log g=0.1, which is a typical value of the scatter
in the white dwarf surface gravity (Fig. 4.5), will be taken into account.
Combining the uncertainties mentioned above leads to an upper and
lower limit on the space number density derived in Sect. 5.8. If we consider
the most optimistic case, the upper limit is due to a combination of the
method of Sect. 5.5 and photometric scatter of 0.5 mag (15%), an error of
∆ log g=0.1 (6%) non-selected DA white dwarfs at (g − r)>0.4 (1%), non-
selected by the algorithm of chapter 3 (1%) (see Sect. 5.7) and non-selected
white dwarfs due to tiling of the fields and errors on the CCD chips (5%).
The error on the birth rate is estimated in a similar way as for the space
density. If the same uncertainties are taken into account, the birth rate
would be 28% larger in the most optimistic case. Now for sample C, the
distributions are less similar to the modelled theoretical sample, and the
method finds too many hot solutions. For this reason the birth rate for
sample C is larger than for sample B.
Fundamentally the analysis discussed here tests how well the numerical
Galactic model resembles the observed distribution of white dwarfs. The
Galactic model includes an idealized dust distribution that may not resem-
ble the actual distribution. Since UVEX observes directly in the Galactic
Plane in blue colours, the effect of the dust distribution and the ensuing red-
dening may be substantial. The theoretical dust distribution in the Sandage
model may behave different than the actual distribution in our pointings,
also because we are looking at a local population, while the extinction on ex-
actly this local scale is very poorly known (Sale et al., 2009 and Giammanco
et al., 2011). As can be seen in Fig. 5.16 there is a difference between the
reddening distributions, which is partly due to the crude determination of
E(B − V ) for the observational sample, with bins of ∆E(B − V )=0.1. The
effect of reddening for the white dwarfs in UVEX was already shown in
Fig. 4.8. The reddening is smaller than E(B − V )=0.7 (AV<2.2) for all
white dwarfs as shown in Fig. 5.16 and Fig. 4.8. In the simulated observable
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Table 5.3: Space number densities from other surveys.
Reference Space density (10−3pc−3) Limits
UV-excess UVEX 0.38±0.11 MV < 12.2
Giammichele (2012)∗ 4.39 local
Limoges (2010) 0.280 MV < 12.75, DA WDs in Kiso
Limoges (2010)∗ 0.549 All Teff in Kiso DA WD sample
Sion (2009)∗ 4.9±0.5 local, 20 pc
Holberg (2008)∗ 4.8±0.5 local, 13 pc (122 WDs)
Holberg (2008)∗ 5.0±0.7 HOS sample
Hu (2007) 0.0881 12kK < Teff < 48kK (MV < 11.65)
Hu (2007) 1.94 531 SDSS DA WDs, Teff < 48kK
Harris (2006)∗ 4.6±0.5 local
Liebert (2005) 0.158 Teff > 13kK (MV < 11.52)
Holberg (2002)∗ 5.0±0.7 local, 13 pc
Knox (1999)∗ 4.16 local, PM survey
Tat (1999)∗ 4.8 local, 15 pc
Leggett (1998)∗ 3.39 local, 1/Vmax
Vennes (1997) 0.019±0.003 EUVE sample of 110 DA WDs
Vennes (1997) 0.0049±0.0007 hot DA WDs Teff > 40kK (MV < 9.45)
Oswalt (1996)∗ 7.6±3.7 local, wide binaries
Weidemann (1991)∗ 5 local, in 10pc
Boyle (1989) 0.60±0.09 MV < 12.75
Liebert (1988)∗ 3.2 local, 1/Vmax
Downes (1986) 0.72±0.25 MV < 12.25
Fleming (1986) 0.45±0.04 MV < 10, PG WD sample: 353 obj.
Shipman (1983)∗ 4.6 local, astrom. binaries
Ishida (1982) 0.088 MV < 11.0, 588 KUV obj.
Ishida (1982) 0.500 MV < 12.0, 588 KUV obj.
Green (1980) 1.43±0.28 MV < 12.75
Sion (1977)∗ 5 local, 23 WDs in 10 pc
∗ Volume limited
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Table 5.4: Birth rates from other surveys.
Reference Birth rate (10−13pc−3yr−1) Limits
UV-excess UVEX 5.4±1.5 Teff > 20kK
Frew (2008) 8±3 PN birthrate
Hu (2007) 2.579 12kK < Teff < 48kK, 531 SDSS DA WDs
Hu (2007) 2.794 Teff < 48kK, 531 SDSS DA WDs
Liebert (2005) 6 PG WD sample: 348 obj.
Liebert (2005) 10±2.5 overall, in local disk
Holberg (2002) 6 over 8 Gyr
Phillips (2002) 21 local PN birth rate
Vennes (1997) 8.5±1.5 local
Pottach (1996) 4-80 local PN birth rate
Weidemann (1991) 23 derived from star/WD formation model
Boyle (1989) ∼6 derived WD birth rate
Boyle (1989) ∼20 obs. PN birthrate
Ishida (1987) 80 local PN birth rate
Green (1980) 20±10 from MV < 12.75 sample
Koester (1977) 20 from Mbol < 15.5 sample
sample there are no sources with E(B−V )>0.7. The most reddened white
dwarfs have E(B−V )=0.55. In the observational sample the reconstruction
method of Sect. 5.5 finds E(B−V )=1.0 and Teff=14kK for only one source,
five sources with Teff>40kK have E(B−V )=0.7, and all other sources have
E(B − V )<0.7.
When the local population of white dwarfs is well-known and spectro-
scopically characterized it can conversely be used to derive a 3D extinction
map of the local (d < 1kpc) environment.
Finally, we note that no correction has been made for the binary frac-
tion of systems dominated by a DA white dwarf in the UV-excess catalogue.
The binary fraction estimates range from 12% to 50% (e.g. Nelemans et al.,
2001, Han 1995, Miszalski et al., 2009 and Brown et al., 2011). The space
density and birth rate number derived here are therefore DA white dwarf
dominated systems that fall within our colour selection criteria, including
an unknown binary fraction.
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5.10.1 Comparison with other surveys
The space density of (3.8 ± 1.1) × 10−4 pc−3, derived for sample B for
white dwarfs with MV<12.2 or Teff>10 000K, and a birth rate of (5.4 ±
1.5) × 10−13 pc−3yr−1 over the last 7×107 years, can be compared with the
results of other surveys (Tables 5.3 and 5.4). All previous estimates have
been obtained either from bright samples (in particular the early surveys)
and/or at high Galactic latitudes. The current study is the first to be ob-
tained in the Galactic Plane itself where the majority of systems resides.
For that reason, and due to different magnitude limits, it is not possible
to automatically compare different surveys. As is evident from Tables 5.3
and 5.4, the estimates on the space densities and birth rates strongly vary.
To compare our results to those of the other studies, the Galactic model is
used to calculate the effective space density at various limiting magnitudes,
calibrated to our result. Fig. 5.22 shows that, when a correction is made for
the vaying limiting absolute magnitude, many surveys are quite consistent
with each other, despite the fact that they observe different white dwarf
samples. Surveys that claim to be volume limited derive an average space
density of ∼4.6 × 10−4 pc−3, which is consistent with the extrapolated,
continued slope of the space density as a function of absolute magnitude
of Fig. 5.22. However, it is not possible to extrapolate the UVEX -based
result to the coolest/faintest systems since the star formation history in the
Galaxy will start to play a dominant role. For the same reason also the
birth rate results of the different surveys in Table 5.4 strongly vary. If we
compare the birth rate of 5.4 ± 1.5 (10−13pc−3yr−1), derived for sample B
in this paper, the result of UVEX is consistent with other estimates.
5.11 Recalibrated UVEX data
There is a possible systematic shift in the original UV-excess catalogue
(U − g) data, which would influence the result of methods in Sect. 5.5. For
that reason we use recalibrated UVEX data, as explained in Greiss et al.
(2012). The differences in (U − g) between the original UVEX data and re-
calibrated UVEX data for the 5 different months used in V12a are plotted
in Fig. 5.23. The shift in the original UVEX data does not influence the
content of the UV-excess catalogue because the selection in V12a was done
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Figure 5.23: Difference in (U − g) between the original UVEX data and
recalibrated UVEX data for the 5 different months used for the UV-excess
catalogue of chapter 3.
relative to the reddened main-sequence population. The magnitudes and
colours of the UV-excess sources might still show a small scatter, similar
to the early IPHAS data (Drew et al., 2005), since a global photometric
calibration is not applied to the UVEX data yet.
5.12 Distributions of simulated and observa-
tional samples.
The distributions in magnitude, temperature, reddening and distance for
the three samples A,B,C of Sect. 5.5 and the simulated sample of Sect. 5.3
are shown in Figs. 5.24 to 5.27. Overplotted are the cumulative distribu-
tions.
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Figure 5.24: Magnitude distributions and cumulative distributions of
the UV-excess white dwarf candidates from the 3 samples A-C and the
simulated white dwarf sample.
Figure 5.25: Temperature distributions and cumulative distributions of
the UV-excess white dwarf candidates from the 3 samples A-C and the
simulated white dwarf sample.
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5.12 Distributions of simulated and observational samples.
Figure 5.26: Reddening distributions and cumulative distributions of
the UV-excess white dwarf candidates from the 3 samples A-C and the
simulated white dwarf sample.
Figure 5.27: Distance distributions and cumulative distributions of the
UV-excess white dwarf candidates from the 3 samples A-C and the simu-
lated white dwarf sample.
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6.1 Abstract
In this chapter we present the result of the cross-matching between UV-
excess sources selected from the UV-excess survey of the Northern Galactic
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Plane (UVEX) and several infrared surveys (2MASS, UKIDSS and WISE).
From the position in the (J − H) vs. (H − K) colour-colour diagram we
select UV-excess candidate white dwarfs with an M-dwarf type companion,
candidates that might have a lower mass, brown-dwarf type companion, and
candidates showing an infrared-excess only in the K-band, which might be
due to a debris disk. Grids of reddened DA+dM and sdO+MS/sdB+MS
model spectra are fitted to the U, g, r, i, z, J,H,K photometry in order to
determine spectral types and estimate temperatures and reddening. From
a sample of 964 hot candidate white dwarfs with (g − r) <0.2, the spec-
tral energy distribution fitting shows that ∼2-4% of the white dwarfs have
an M-dwarf companion, ∼2% have a lower-mass companion, and no clear
candidates for having a debris disk are found. Additionally, from WISE 6
UV-excess sources are selected as candidate Quasi-Stellar Objects (QSOs).
Two UV-excess sources have aWISE IR-excess showing up only in the mid-
IRW3 band ofWISE, making them candidate Luminous InfraRed Galaxies
(LIRGs) or Sbc star-burst galaxies.
6.2 Introduction
One of the main goals of the European Galactic Plane Surveys (EGAPS) is
to obtain a homogeneous sample of evolved objects in our Milky Way with
well-known selection limits. The EGAPS data also contains more esoteric
objects (e.g. Nova V458 Vul, Wesson et al., 2008; Necklace Nebula, Cor-
radi et al., 2011; photo-evaporating prolyd-like objects, Wright et al., 2012).
Over the last years the data of large sky surveys yielded several known white
dwarfs with gas or dust disks (Gänsicke et al., 2007; Gänsicke et al., 2011;
Gänsicke et al., 2008; Zuckerman and Becklin, 1987; Brinkworth et al., 2009;
Brinkworth et al., 2012; Kilic et al., 2012; Debes et al., 2011). When op-
tical surveys are cross-matched with the data of infrared (IR) surveys (e.g.
SDSS -UKIDSS: Silvestri et al., 2006; Heller et al., 2009; Girven et al.,
2011, SDSS -WISE: Debes et al., 2011; Hoard et al., 2011, SDSS -2MASS:
Hoard et al., 2007 and IPHAS -2MASS: Wright et al., 2008), the classifi-
cation of sources can be extended, and hot white dwarfs with companions
or debris disks, and other peculiar objects are detected. The dusty debris
disks around white dwarfs are believed to form during the destruction of as-
164
6.2 Introduction
teroids, the remnants of the planetary systems that orbited the star earlier
in its evolution at the main-sequence. Emission lines in the spectra of the
white dwarfs indicates that there might also be gaseous material present
in these disks. This might also clarify the spectra of metal-polluted white
dwarfs (Gänsicke et al., 2012; Debes, Walsh & Stark, 2012; Dufour et al.,
2012; Farihi et al., 2012; Debes & Sigurdsson, 2002; Jura, 2003). The time
for metals to sink out of the atmosphere of the white dwarf is in the order of
a few days for hot DA white dwarfs, and up to 106 years for DB/DC white
dwarfs (Table 4 to 6 of Koester, 2009; Koester & Wilken, 2006), indicating
that accretion is ongoing for most objects. An unknown fraction of the
UVEX white dwarfs will have an M-dwarf companion (Silvestri et al., 2006;
Farihi, Becklin & Zuckerman, 2005; Debes, 2011). From the cross-matching
between infrared and optical observations, about 0.2-2% of the white dwarfs
are expected to have an IR-excess due to a brown dwarf type companion,
and 0.3-4% of the white dwarfs are expected to be debris disk candidates
(Girven et al., 2011; Steele et al., 2011; Debes et al., 2011; Barber et al.,
2012; Farihi, Becklin & Zuckerman, 2005).
A number of the optically selected UV-excess sources from UVEX, as de-
scribed in Verbeek et al. (2012a; hereafter V12a), will show a near-infrared
(NIR) and mid-infrared (MIR) excess due to a low-mass companion or due
to interstellar and/or circumstellar material. The UV-excess catalogue of
chapter 3 consists of a mix of different populations, such as white dwarfs,
interacting white dwarf binaries, subdwarfs of type O and B (sdO/sdB),
emission line stars and QSOs. Due to the limited statistics and inhomo-
geneity, the fraction of optically selected white dwarfs with an IR-excess due
to a low-mass companion is very uncertain in the Galactic Plane (Hoard et
al., 2011). The UV-excess catalogue of chapter 3 offers a complete white
dwarf sample for this purpose, eventhough the sample also contains other
populations. A distinction between white dwarfs with a companion or disk
and e.g. Young Stellar Objects (YSOs), Be stars and Cataclysmic Variables
can be made using the strength of the Hα emission (Witham et al., 2008,
Corradi et al., 2010, Barentsen et al., 2011). A fraction of the subdwarf
stars and A-type stars in the UV-excess catalogue might show an IR-excess
(Hales et al., 2009), and UV-excess sources can also have both an optical
blueness and infrared-excess when they are non-stellar, e.g. QSOs (Rose-
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Figure 6.1: Colour-colour diagram with the UV-excess matches in
UKIDSS, 2MASS and WISE. UV-excess sources spectroscopically clas-
sified in chapter 4 are overplotted with different symbols. The lines are
the simulated colours of unreddened main-sequence stars (solid black) and
the O5V-reddening line (dashed black). The cyan and green dashed lines
are respectively the simulated colours of unreddened Koester DA and DB
white dwarfs. The grey dots are the sources from the complete UV-excess
catalogue of chapter 3.
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boom et al., 2012, Xue-Bing et al., 2012, Wright et al., 2010).
The UVEX survey images a 10×185 degrees wide band (–5◦< b <+5◦)
centred on the Galactic equator in the U, g, r and He i λ5875 bands down
to ∼ 21st − 22nd magnitude using the Wide Field Camera mounted on the
Isaac Newton Telescope on La Palma (Groot et al., 2009). From the first 211
square degrees of UVEX data a catalogue of 2 170 UV-excess sources was
selected in chapter 3. These UV-excess candidates were selected from the
(U−g) versus (g−r) colour-colour diagram and g versus (U−g) and g versus
(g − r) colour-magnitude diagrams by an automated field-to-field selection
algorithm. Less than ∼1% of these selected UVEX sources are known in
the literature. Spectroscopic follow-up of 132 UV-excess candidates selected
from UVEX, presented in Verbeek et al. (2012b; hereafter V12b), shows
that most UV-excess candidates are indeed genuine UV-excess sources such
as white dwarfs, subdwarfs and interacting white dwarf binaries.
In this work we present the IR photometry of the UV-excess sources in
the UVEX catalogues of chapter 3. Our goals are i) to see what fraction
of the hot white dwarfs have a companion (late MS or BD), ii) to see if
we can use IR photometry to select non-white dwarfs from our UV-excess
catalogue, and iii) to see if we can find any debris disks. In Sect. 6.3 the
cross-matching of the full UV-excess catalogue with IR/red surveys is pre-
sented. In Sect. 6.4 hot UV-excess candidate white dwarfs with (g− r)<0.2
with an IR-excess are selected and classified by fitting grids of reddened
DA+dM and sdO/sdB models to the optical and infrared photometry. The
spectral types of companions later than M6 are determined from the IR-
excess. From these results the fraction of hot white dwarfs with a low mass
companion is derived. In Sect. 6.5 the matches of the UV-excess sources
in the WISE data are presented, and additionally a list of candidate QSOs
with |b|<5◦is selected. Finally in Sect. 6.6 we summarise and discuss the
conclusions.
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Figure 6.2: Colour-magnitude diagrams with the UV-excess matches
in UKIDSS, 2MASS and WISE. Spectroscopically identified UV-excess
sources of chapter 4 are overplotted with different symbols. The grey dots
are the sources from the complete UV-excess catalogue of chapter 3.
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Figure 6.3: The (J − H) vs. (H − K) colour-colour diagram with the
UKIDSS-GPS matches. The tracks are the unreddened UKIDSS colours of
main-sequence stars (black), DA white dwarfs (green) and DB white dwarfs
(cyan). UV-excess sources spectroscopically classified in chapter 4 are
overplotted with different symbols, UV-excess candidate white dwarfs with
(g−r) <0.2 are plotted with error bars, other UV-excess sources are plotted
with dots. The four regions are indicated that contain different candidates:
1) single white dwarfs, 2) white dwarfs with an M-dwarf companion, 3)
candidate white dwarfs with a later type (brown dwarf) companion, and
4) white dwarf with circumstellar material or a debris disk.
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Figure 6.4: The K vs. (J − K) colour-magnitude diagram with the
UKIDSS-GPS matches. UV-excess sources spectroscopically classified in
chapter 4 are overplotted with different symbols, UV-excess candidate
white dwarfs with (g − r) <0.2 are plotted with error bars, other UV-
excess sources are plotted with dots.
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Table 6.1: Summary of the cross-matching: No of matches with the full
UV-excess catalogue and No of matches in the Deacon PM/Witham Hα
catalogues (Deacon et al., 2009, Witham et al., 2008).
Catalogue: Full UV-excess PM/Hα
UKIDSS-GPS 227 4/6
2MASS 60 2/5
WISE 19 1/2
IPHAS-IDR 1 203 26/15
SDSS DR8 378 6/3
6.3 Cross-matching with IR surveys: UKIDSS,
2MASS and WISE
The UV-excess catalogue of chapter 3 (2 170 sources) is cross-matched with
different surveys that image (parts of) the Galactic Plane at red/infrared
(IR) wavelengths. An overview of the cross-matching is given in Table
6.1. Note that the coverage of the Galactic Plane and the overlap with
the UVEX fields of chapter 3 is not complete for all surveys (see Sect. 6.6).
The results of the cross-matching are shown in the colour-colour and colour-
magnitude diagrams of Figs. 6.1 to 6.7, where the spectroscopically classified
sources of chapter 4 are labelled. As expected, in particular the redder and
brighter UVEX UV-excess sources have a larger fraction of IR matches, as
can be seen in the UVEX colour-colour and colour-magnitude diagrams of
Figs. 6.1 to 6.2. The different IR surveys and the number of matches with
the full UV-excess catalogue of chapter 3 are described below.
• The UKIRT InfraRed Deep Sky Survey (UKIDSS, Lawrence et al.,
2007) is a near-infrared survey imaging the northern sky in the J , H
and K (1.2, 1.6 and 2.2 micron) filters using the Wide Field Camera
(WFCAM) mounted on the 3.8m United Kingdom Infra-red Telescope
(UKIRT) on Hawaii. TheUKIDSS Galactic Plane Survey (UKIDSS GPS,
Lucas et al., 2008, Lawrence et al., 2012) images the northern Galac-
tic Plane in the same Galactic latitude range as UVEX and IPHAS.
There is a match for a total of 227 UV-excess sources in all three
UKIDSS filters within a radius of 1 arcsec (10% of the complete UV-
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excess catalogue). Note that the overlap of the UKIDSS GPS DR1
with the UVEX fields of chapter 3 is not complete. The UV-excess 3-
filter matches in UKIDSS with K>11 are plotted in the colour-colour
diagram of Fig. 6.3 on top of the simulated unreddened main-sequence
colours (Hewett et al., 2006). Of these UKIDSS matches there are 18
sources spectroscopically classified in chapter 4, 4 matches are in the
IPHAS-POSSI proper motion catalogue (Deacon et al., 2009) and 6
matches are in the Hα emitter catalogue (Witham et al., 2008).
• The Two-Micron All-Sky Survey (2MASS, Skrutskie et al., 2006, Cutri
et al., 2003) imaged the entire sky in the three near-infrared filter
bands J , H andK (1.2, 1.7 and 2.2 micron) with a limiting magnitude
of J=17.1, H=16.4 and K=15.3, using 2 automated 1.3m telescopes,
one at Mt. Hopkins, Arizona, and one at CTIO, Chile. The overlap
of the 2MASS All-Sky Catalog of Point Sources (Cutri et al., 2003)
data and the UVEX fields of chapter 3 is 100%. In 2MASS there is a
match for 60 sources of the complete UV-excess catalogue in all three
2MASS filter bands within a radius of 1 arcsec (3%). Eighteen of these
matches were spectroscopically classified in chapter 4, 2 matches are
the IPHAS-POSS catalogue (1 classified as DA+dM) and 5 matches
are in the Hα emitter catalogue (3 classified as T Tauri, Be star and
Cataclysmic Variable). The UV-excess matches in 2MASS are plotted
in the colour-colour diagram of Fig. 6.5.
• The Wide-field Infrared Survey Explorer (WISE, Wright et al., 2010)
mapped the sky at four mid-infrared bands at 3.4, 4.6, 12, and 22
micron (W1, W2, W3 and W4). The overlap of the WISE All-Sky
Data Release (Cutri et al., 2012) and the UVEX fields of chapter 3
is 100%. The WISE data are used to select and classify UV-excess
sources with a mid-IR excess, and a list of UV-excess candidate QSOs
is selected in Sect. 6.5. There is a match for 20 UV-excess sources
in WISE within a radius of 1 arcsec in at least the first three filters.
Thirteen of them have a match in all four WISE filters. The 3-filter
matches are shown in the colour-colour diagram of Fig. 6.7.
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Figure 6.5: (J −H) vs. (H −K) colour-colour diagram with the
UV-excess matches in 2MASS. The black lines are the simulated
colours of main-sequence stars and giants with E(B−V )=0. Classi-
fied sources are labelled with different symbols, UV-excess candidate
white dwarfs are plotted with error bars, other UV-excess sources
are plotted with dots. There is one more match at (H −K)=1.15,
(J −H)=2.6, classified as DA white dwarf in chapter 4, not visible
in this figure.
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Figure 6.6: K vs. (J−K) colour-magnitude diagram with the UV-
excess matches in 2MASS. Classified sources are labelled with dif-
ferent symbols, UV-excess candidate white dwarfs are plotted with
error bars, other UV-excess sources are plotted with dots. There is
one more match at (J − K)=3.7, K=10.8, classified as DA white
dwarf in chapter 4, not visible in this figure.
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Figure 6.7: WISE matches within 1 arcsec plotted in the WISE
colour-colour diagram. Sources which are classified from their spec-
tra in chapter 4 are overplotted with different symbols, all UV-excess
matches are plotted with error bars. The 2 sources at (W2−W3)=0
and (W2 − W3)=5.8 are UV-excess candidate white dwarfs with
(g − r) <0.2, 1 classified as DA white dwarf in chapter 3 and 1
unclassified source with a strong W3 excess and (W3−W4)=2.1.
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• The INT/WFC Photometric Hα Survey of the Northern Galactic
Plane (IPHAS, Drew et al., 2005) has imaged the same survey area
as UVEX with the same telescope and camera set-up using the r, i
and Hα filters. There is a match for 1 203 of our 2 170 UV-excess
sources in the IPHAS initial data release (IDR, González-Solares et
al., 2008) within a radius of 1.0 arcsec (55%). Note that the overlap
of the IPHAS IDR with the UVEX fields of chapter 3 is not complete,
but ∼90%. The result of the cross-match between the UV-excess
catalogue and IPHAS IDR was already shown in Figs. 3.10, 3.11 and
4.3. If available, the IPHAS data is used to distinguish UV-excess
white dwarfs from UV-excess sources showing Hα emission, and the
i-band photometry is used in the spectral fitting in Sect. 6.4.2. In
the colour-colour diagrams of Figs. 6.3 to 6.7 the sources that are in
the IPHAS Hα emitter catalogue (Witham et al., 2008) or IPHAS-
POSS proper motion (PM) catalogue (Deacon et al., 2009) are circled
red and blue respectively. The Witham Hα emitter catalogue covers
the magnitude range 13<r<19.5 and the Deacon IPHAS-POSS PM
catalogue covers the magnitude range 13.5<r<19. Matches in the
Hα emission line star catalogue are expected to be Galactic sources,
except for QSOs with redshift 0.5 or 1.3, which have emission lines
exactly in the bandpass of the IPHAS Hα filter (Scaringi et al., 2013).
• Additionally, the Sloan Digital Sky Survey (SDSS, York et al., 2000)
Photometric Catalog DR 8 (Adelman-McCarthy et al., 2011) over-
laps with some UVEX Galactic Plane fields. SDSS images the sky in
the filters u, g, r, i, z down to ∼ 22nd magnitude, using the 2.5m
wide-angle optical telescope at Apache Point Observatory, New Mex-
ico, US. For the full UV-excess catalogue 378 sources have a match
in SDSS within a radius of 1 arcsec. Note that the overlap between
SDSS and the UVEX fields of chapter 3 is not complete. There are
6 SDSS UV-excess matches in the IPHAS-POSS PM catalogue and
3 SDSS UV-excess matches are in the IPHAS Hα emitter catalogue.
For the UV-excess sources that have an SDSS match, the additional
i-band and z-band photometry is used for the spectral fitting (Fig. 1,
Rebassa-Mansergas et al., 2012) in Sect. 6.4.2.
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6.4 Candidate white dwarfs with an infrared
counterpart
The UV-excess catalogue consists of a mix of different populations. From the
spectroscopic follow-up of chapter 4, 52% of the UV-excess sources are single
DA white dwarfs, 14% are white dwarfs of other types (DAB/DB/DC/DZ/DAe),
4% are DA+dM white dwarfs, 11% are sdB/sdO stars, 9% are Hα emission
line objects, 8% are BHB/MS stars and 2% are QSO. In Sects. 6.4.1 and
6.4.2 we focus in particular on hot white dwarfs with an IR-match. For
that reason a sub-sample of 964 UV-excess candidate white dwarfs with
(g − r)<0.2 is selected, which corresponds with the simulated unreddened
colours of DA white dwarfs hotter than Teff>9 000K. This sub-sample does
not contain DA white dwarfs cooler than Teff<9 000K or strongly reddened
white dwarfs. From spectroscopic follow-up (Fig. 4.1) it is known that 97%
of the DA white dwarfs identified in UVEX are in this colour range, but
there will be ∼25% white dwarfs of other types and sdO/sdB stars which
also may have infrared counterparts. Only the IR-matches of the sources
from this UV-excess candidate white dwarf sub-sample are plotted with er-
ror bars in the colour-colour diagrams of Figs. 6.3 to 6.7.
6.4.1 Classification of white dwarfs in UKIDSS and
2MASS
In the hot sub-sample there are 46 UV-excess candidate white dwarfs with
a UKIDSS match, and 3 with a 2MASS match. These matches are plot-
ted with error bars in the colour-colour diagrams of Figs. 6.3 and 6.5. To
separate single white dwarfs from white dwarfs with a companion or white
dwarfs with a debris disk the (J −H) vs. (H −K) colour-colour diagram is
divided in four separate regions following Wachter et al. (2003) and Steele
et al. (2011). The different regions in Fig. 6.3 contain different candidates:
• Region 1: There are 17 UV-excess sources that are single candidate
white dwarfs, of which 4 were already classified as hydrogen atmo-
sphere (DA) white dwarfs and 1 classified as sdB star in chapter 4.
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Figure 6.8: The SED of UVEXJ190912.34+021342.8, classified as
DA+dM in chapter 4, with overplotted the best DA+dM model (blue), a
Teff=14kK white dwarf plus M4V companion. Plotted here are the UVEX,
IPHAS, 2MASS and UKIDSS photometry with error bars and the WHT
spectrum of chapter 4 (red).
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Figure 6.9: The SED of UVEXJ212257.82+552609.0, classified as
DA+dM in chapter 4, can indeed be explained by DA+dM model (blue):
a Teff=20kK white dwarf plus M3V companion, except for the W4 WISE
photometry which is spurious. Plotted here are the UVEX, IPHAS,
2MASS and WISE photometry with error bars and the WHT spectrum of
chapter 4 (red).
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• Region 2: Sources in region 2 are candidates for white dwarfs with
an M-dwarf companion. There are 22 UV-excess candidates, of which
11 have g<20. Five of these sources are classified as single DA white
dwarfs in chapter 4. However, the available spectra cannot exclude
the presence of a late-type companion.
• Region 3: Sources in region 3 are candidates for white dwarfs with
a later type (brown dwarf) companion. There are 7 UV-excess can-
didate white dwarfs, one of them is classified as a DA white dwarf
in chapter 4 (UVEXJ202659.21+411644.1). The available spectrum
cannot exclude the presence of a very late-type companion.
• Region 4: Sources in region 4 show a K-band excess, possibly due
to circumstellar material or a disk. There are 5 UV-excess sources,
but none of them are candidate hot white dwarfs since they have
(g − r)>0.2 in UVEX.
6.4.2 Determination of Spectral Types
For the UV-excess candidate white dwarfs with an IR-excess match in
UKIDSS and/or 2MASS the Spectral Energy Distributions (SEDs) are fit-
ted in order to determine the spectral types. Grids of DA+dM model spec-
tra, in the range 0<E(B − V )<1.0 at E(B − V )=0.1 intervals, using the
reddening laws of Cardelli, Clayton &Mathis (1989), are fitted to the optical
and infrared photometry in order to determine white dwarf temperatures.
For the fitting the white dwarf atmosphere models and M-dwarf models are
both placed at the same distance. The spectral fluxes of Beuermann, 2006
are used to calibrate the absolue fluxes of the M-dwarfs. The grid of DA+dM
model spectra is constructed from white dwarf atmosphere model spectra of
Koester (2001) with log g=8.0 in the range 6 000<Teff<80 000K, and tem-
plate spectra of main-sequence stars from the library of Pickles (1998) with
spectral type M0V to M6V. First, the UVEX photometry is used to de-
termine the temperature of the white dwarf. For the DA+dM SED fitting
the photometry of UVEX , UKIDSS and 2MASS , and additionally if avail-
able, the IPHAS and/or SDSS photometry is used for 40 candidate white
dwarfs. The WISE photometry is not used since the wavelength range of
the DA+dM models only covers 3 000-25 000 Å, but consistency with the
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Figure 6.10: The photometry of UVEXJ223941.98+585729.1, classified
as He-sdO in chapter 4, can be fully explained by a reddened He-sdO
spectrum with Teff=50kK, log(g)=5.5 and E(B − V )=0.8 (blue). Plotted
here are the UVEX, IPHAS, UKIDSS and 2MASS photometry with error
bars and the WHT spectrum of chapter 4 (red).
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Figure 6.11: The photometry of UVEXJ042125.70+465115.4, classified
as sdB+F in chapter 4, overplotted with a single sdB spectrum with
Teff=47kK, E(B − V )=1.2 (blue), and the best-fit sdB+MS model: a
sdB+K5V spectrum with Teff=50kK, E(B − V )=1.0 (magenta). Plotted
here are the UVEX, IPHAS, 2MASS and WISE photometry with error
bars and the WHT spectrum of chapter 4 (red).
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WISE photometry was checked, see e.g. Fig. 6.9.
The DA+dM models do not give a good fitting result for all candi-
date white dwarfs with an IR-excess match. Some UV-excess sources with
an IR-excess match can be fully explained by a reddened sdB or sdO
spectrum without any companion, or the IR-excess can be explained by
an sdB/sdO stars with an F-, G- or K-type main-sequence companion.
SdB/sdO stars with later companions can not be identified with the cur-
rent photometry because the sdB/sdO dominates the SED out to the K-
band. Grids of TheoSSA (Ringat, 2012) sdB/sdO models with log g=5.5 in
the range 20 000<Teff<50 000K and 0<E(B − V )<5.0 at Teff=1000K and
E(B−V )=0.1 intervals are fitted to the optical and infrared photometry to
determine Teff and the reddening of the sdB/sdO stars. For the sdO/sdB
stars with a possible main-sequence companion, a grid is constructed from
the reddened sdB/sdO models and the template spectra of main-sequence
stars from the library of Pickles (1998) with spectral types A5V to M5V.
Also here the WISE photometry is not used, but consistency was checked,
since the sdO/sdB+MS models cover the wavelength range 3 000-25 000 Å.
Candidate white dwarfs in region 3 of the IR colour-colour diagrams
have companions with spectral types later than M6. The spectral types of
these companions are determined using the (J − K) colours resulting af-
ter subtracting the white dwarf flux as explained in Reid et al., 2001 and
Leggett et al., 2002. The UKIDSS colours are converted to AB colours tak-
ing into account the correction (J −K)=0.962 of Hewett et al. (2006).
In the original UV-excess catalogue there might be a possible systematic
shift in the UVEX U -band data, which would influence the result of Spec-
tral Energy Distributions fitting in this paper. For that reason recalibrated
UVEX data, as explained in Greiss et al. (2012), is used. The shift in the
original UVEX data does not influence the content of the UV-excess cata-
logue because the selection of chapter 3 was done relative to the reddened
main-sequence population. The magnitudes and colours of the UV-excess
sources might still show a small scatter, similar to the early IPHAS data
(Drew et al., 2005), since a global photometric calibration is not applied to
the UVEX data.
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To convert the magnitudes into fluxes (F ) we use: F = 10−0.4×(mag(AB)+48.6)
for EGAPS and SDSS. For EGAPS photometry the AB offsets U=0.927,
g=-0.103, r=0.164 and i=0.413 need to be added to convert to AB magni-
tudes (González-Solares et al., 2008; Blanton & Roweis, 2007 and Hewett
et al., 2006). To convert UKIDSS photometry to AB magnitudes the cor-
rection J=0.938, H=1.379 and K=1.900 need to be taken into account
(Hewett et al., 2006). For 2MASS the flux is derived using F = Fν − 0mag
× 10−0.4×(mag(V ega)), where Fν − 0mag is 1594, 1024 and 666,7 (Jy) for
J , H and K respectively (Cutri et al., 2003). The WISE photometry is
converted into fluxes using F = Fν0 × 10−0.4×mag(V ega) , where Fν0 is the
the “Zero Magnitude Flux Density” for theWISE filter bands: W1=309.54,
W2=171.787, W3=12.82, W4=9.26 (Jy) (Wright et al. 2010).
6.4.3 Fitting results
To test our photometric fitting routine first the method is applied to the
UV-excess candidate white dwarfs that were spectroscopically classified in
chapter 4. Note that the aim of the fitting is not to derive accurate tem-
peratures, spectral types and reddening, but to classify the sources, and to
confirm (or to rule out) the presence of a companion or disk. Fitting results
for 7 UV-excess sources, spectroscopically classified in chapter 4, with an
IR-excess or just an IR match, are shown in Figs. 6.8 to 6.14. For some of
these sources there is also a match in WISE (see Sect. 6.4.4).
• The object UVEXJ1909+0213, classified as DA+dM objects in chap-
ter 4, is shown in Fig. 6.8. This source has (g−r)=0.87, so it is not in
the UV-excess candidate white dwarf sub-sample. The best-fit model
consists of a white dwarf with Teff=14kK with an M4V companion.
This source is in region 2 of the 2MASS colour-colour diagram of Fig.
6.5 and in region 2 of the UKIDSS colour-colour diagram of Fig. 6.3.
Note that only the photometry was used for the fitting.
• The object UVEXJ2122+5526, also classified as DA+dM objects in
chapter 4, is shown in Fig. 6.9. This source has (g − r)=0.47, so it
is also not in the UV-excess candidate white dwarf sub-sample. The
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Figure 6.12: The photometry of UVEXJ032855.25+503529.8 can be fully
explained by a reddened sdB model spectrum (blue) with Teff=30kK,
log(g)=5.5 and E(B − V )=0.4. Plotted here are the UVEX, IPHAS,
UKIDSS, 2MASS and WISE photometry with error bars and the WHT
spectrum of chapter 4 (red). The WHT spectrum might deviate at the red
end of the spectrum (λ >7 500 Å) due to the flux calibration.
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Figure 6.13: The SED of UVEXJ203411.72+411020.3, classified as single
DA white dwarf in chapter 4. The best-fit DA+dM model is a Teff=13kK
white dwarf plus M6V companion (blue). The strong infrared-excess in
2MASS, UKIDSS and WISE can be explained by a later companion with
spectral type L8. Plotted here are the UVEX, IPHAS, SDSS, 2MASS,
UKIDSS and WISE photometry and the Hectospec spectrum (red).
 0.1
 1
3300 5000 10000 20000
Fl
ux
 (m
Jy
)
wavelength (Angstrom)
UVEXJ2102+4750
DA (T=13kK, logg=8)
Figure 6.14: The SED of UVEXJ210248.44+475058.9, classified as DA
white dwarf with Teff=13.3kK and log(g)=8.1 in chapter 4, shows a clear
excess in the infrared which can be explained by a L5 companion (from
(J−K)). Plotted here are the UVEX and UKIDSS photometry with error
bars, the WHT spectrum of chapter 4 (red) and a Koester DA white dwarf
atmosphere model with Teff=13kK and log(g)=8.0 (blue).
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model that fits best consists of a white dwarf with Teff=20kK with an
M3V companion, which is consistent up to theW3WISE photometry.
This source is in region 2 of the 2MASS colour-colour diagram of Fig.
6.5 and is plotted in the WISE colour-colour diagram of Fig. 6.7.
• The SED of UVEXJ2239+5857, classified as He-sdO in chapter 4,
shows a decreasing flux in the IR which can be explained with a
reddened sdB/sdO spectrum with Teff=50kK, log g=5.5 and E(B −
V )=0.8, which is the model that fits best for this object, see Fig. 6.10.
• The SED of UVEXJ0421+4651, classified as sdB+F in chapter 4,
can be explained by a single reddened sdB/sdO spectrum, but the
combination of a sdB and a K5V spectrum gives a slightly better
fit with Teff=50kK, E(B − V )=1.0, see Fig. 6.11. This source was
classified as sdB+F in chapter 4 due to the CaII lines present in the
optical spectrum.
• The photometry of UVEXJ0328+5035, classified as a sdB star in
chapter 4, can be fully explained by a reddened sdB spectrum with
Teff=30kK, log g=5.5 and E(B − V )=0.4, see Fig. 6.12. However,
this object is known to be a sdB+dM binary from its radial velocity
(Kupfer et al., in prep.). No sign of the companion is seen in the SED.
• The SED fitting method finds a DA+dM as best solution for source
UVEXJ2034+4110 (Fig. 6.13), classified as a DA white dwarf in chap-
ter 4. The best-fit DA+dM model is a Teff=13kK DA white dwarf plus
an M6V companion. The strong infrared-excess is due to a low-mass
companion with spectral type L8 as determined from the (J − K)
colour.
• The source UVEXJ2102+4750 in Fig. 6.14, classified as a DA white
dwarf with Teff=13.3kK and log(g)=8.1 in chapter 4, shows an IR-
excess. None of the DA+dMmodels fit the photometry well, making it
candidate for having a companion with spectral type L5 as determined
from the (J − K) colour. This source was classified as a DA white
dwarf in chapter 4 since there is no sign of the companion in the optical
spectrum, which is consistent with the IR-excess which increases for
wavelengths larger than λ>8 000 Å.
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The results of the fitting for all UV-excess candidate white dwarfs with
an IR-excess match in UKIDSS and/or 2MASS are shown Table 6.3 of the
Sect. 6.7. Note that Teff of the white dwarf and the spectral types of the
companions are rough estimates, since only photometry is used for the fit-
ting. From the positions in the (J−H) vs. (H−K) colour-colour diagram,
and from the SED fitting, 24 UV-excess candidate white dwarfs are clas-
sified as white dwarf with an M-dwarf companion, 7 sources are candidate
white dwarfs probably with a brown dwarf type companion (later than M-
type), 19 UV-excess candidate white dwarfs are single white dwarfs or single
sdO/sdB stars without a companion, and no UV-excess white dwarfs are
clear debris disk candidates.
6.4.4 UV-excess sources in the Wide-field Infrared Sur-
vey
The release of the all-sky WISE catalog (Cutri et al., 2012) contains all sky
data in four mid-infrared bands centred at 3.4, 4.6, 12 and 22 micron. There
are 9 classified UV-excess sources with a WISE match, 1 classified as DA
white dwarf, 1 classified as Cataclysmic Variable, 1 classified as DA+dM, 1
classified as T Tauri star, 3 classified as sdB stars, and 2 classified as QSOs
in chapter 4. The QSOs and 4 new QSO candidates are discussed in Sect.
6.5. The SEDs of the sources classified as DA+dM (UVEXJ2122+5526), DA
(UVEXJ2034+4110; ccd-flag “H” forW3), sdB+F (UVEXJ0421+4651;W3
and W4 are upper limits), and sdB (UVEXJ0328+5035) in chapter 4, were
already shown in Figs. 6.9 to 6.13. The SEDs of objects of other types, clas-
sified in chapter 4, with a match in WISE are shown in Fig. 6.15. The two
unclassified UV-excess sources (UVEXJ2039+3647 and UVEXJ0009+6514)
at (W2−W3)∼5.5 show a strong excess in theW3-band (UVEXJ0009+6514
has ccd-flag “H” inW2). From their SEDs and position in theWISE colour-
colour diagram, these two sources are candidate Luminous InfraRed Galax-
ies (LIRGs)/star-burst Sbc (Fig. 12 of Wright et al., 2010). The four re-
maining sources are DA+dM or sdB/sdO+MS candidates.
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Figure 6.15: The SEDs of the UV-excess sources classified in chapter 4
with a match in WISE and the 2 unclassified sources at (W2−W3) ∼5.5
which are candidate star-burst Sbc/LIRGs (dashed lines).
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Figure 6.16: The SEDs of the 2 classified QSOs of chapter 4 (dashed
lines) and the 4 new QSO candidates from WISE (solid lines).
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Table 6.2: UV-excess QSO candidates from WISE
Name l b Field Sel. (r) (g) (U) W1 W2 W3 W4
UVEXJ0008+5758 117.3 -4.43 48 515 18.63 19.49 19.40 14.19 12.84 10.02 8.13
UVEXJ0333+5005 147.6 -4.86 1243 515 18.30 19.09 19.00 13.64 12.34 9.76 7.53
UVEXJ0331+5021 147.2 -4.82 1243 515 19.99 21.09 20.88 15.64 14.11 11.09 8.82
UVEXJ0224+5533 135.9 -4.94 810 514 18.97 19.62 19.59 15.20 13.80 10.75 8.52
UVEXJ0412+4446 156.1 -4.80 1570 515 19.63 20.62 20.55 14.95 13.64 10.62 8.30
UVEXJ0110+5829 125.4 -4.29 404 515 18.82 19.52 19.36 15.06 14.08 10.64 8.26
6.5 Candidate QSOs selected from UVEX and
WISE
Since the release of the all-sky WISE catalog, the data have been used to
select Quasi-Stellar Objects (QSOs, Bond et al., 2012, Stern et al., 2012,
Xue-Bing Wu et al., 2012, Scaringi et al., 2012). The IR-excess of the QSOs
inWISE is probably due to optically thick material surrounding most QSOs
(Roseboom et al., 2012). In Fig. 6.7 there are 6 UV-excess sources at the
QSO location in the WISE colour-colour diagram (2.5<(W2 − W3)<4.5
and 0.6<(W1−W2)<1.7, see Fig. 12 of Wright et al., 2010). Two of these
sources (UVEXJ0008+5758 and UVEXJ0110+5829) were already spectro-
scopically classified as QSOs in chapter 4. For UVEXJ0110+5829 W4 is
an upper limit, the other candidate QSOs have “good” photometry in all
WISE bands. All 6 candidate QSOs have similar UVEX colours (g−r)∼0.8
and (U−g)∼–0.2. In chapter 4 these 6 sources were selected in g vs. (U−g)
and not in g vs. (g − r) (selection flags “515” and “514”) and they are all
at Galactic latitude –5◦<b<–4◦and Galactic longitude 117◦>l>157◦. This
might be due to the warp and flare of the Milky Way at this latitude and
longitude (Cabrera-Lavers et al., 2007). The effects of the shape are dif-
ferent at different lines of sight, the height of the disk is smaller at some
directions and therefore QSOs may be picked-up by UV-excess surveys. The
two brightest candidate QSOs have a match in 2MASS, and 3 of the can-
didate QSOs have a match in UKIDSS. The SEDs of the 2 QSOs and new
candidate QSOs are shown in Fig. 6.16. The characteristics of the 6 UV-
excess candidate QSOs are summarized in Table 6.2.
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There are 46 white dwarfs with an infrared match in UKIDSS and 3 with
a match in 2MASS . Seventeen sources in the (g − r)<0.2 sample turn out
to be single white dwarfs. These white dwarfs have bright UVEX g-band
magnitudes, have in general a higher Teff , and are more reddened compared
to the candidate DA+dM sources in the UV-excess candidate white dwarf
sample.
In the (g − r)<0.2 sample there are 24 DA+dM candidates, which is
a fraction of 2% of the complete UV-excess candidate white dwarf sample.
This fraction given here is a lower limit, since the fraction of white dwarfs
with a companion is higher for the brighter UV-excess sources (see Figs.
6.1 to 6.2). If only UV-excess candidate white dwarfs brighter than g<20
are considered, the fraction of white dwarfs with a companion is 4%. If we
compare this result to other studies, the DA+dM fraction is in the range 6-
22% (Farihi, Becklin & Zuckerman, 2005; Debes, 2011). The presence of an
M-dwarf has a strong influence on the optical colours for the cooler white
dwarfs. Due to the contribution of the M-dwarf the colours of the most
DA+dM sources are redder than (g − r)>0.2. An unreddened DA+M4V
has (g − r)=0.2 for a Teff∼28kK white dwarf (Fig. 1 of Rebassa-Mansergas
et al., 2012; Fig. 2 of Augusteĳn et al., 2008), while a single DA white dwarf
with Teff=28kK is (g− r)=–0.185. The effects on the UV and optical spec-
trum due to the presence of a debris disks around white dwarfs is negligible
(Zabot et al., 2009).
There are 7 candidates for white dwarfs with a companion later than
type M6V in the UV-excess candidate white dwarf sample. These sources
are all brighter than g<20 and the white dwarfs all have an effective temper-
ature lower than Teff<20kK. This number is in agreement with the WD+BD
fractions of other studies (Farihi, Becklin & Zuckerman, 2005; Debes, 2011).
No convincing debris disk candidates were found. If the expected rate of
white dwarfs with a dust/debris disk would be ∼1% (Girven et al., 2011),
there would be ∼4 of them brighter than g<20 in the UV-excess catalogue.
Additionally, the IR-excess of one source (UVEXJ0328+5035) can be fully
explained by a reddened sdB spectrum without the need for a low-mass
189
Chapter 6 : UV-excess sources with a red/IR-counterpart:
low-mass companions, debris disks and QSO selection
companion.
There are 2 known QSOs and 4 UV-excess candidate QSOs in WISE.
Since the number of QSOs from the WISE cross-matching (6 of 2 170) is
much smaller than the fraction of QSOs found in the spectroscopic follow-
up of UV-excess sources in chapter 4 (2 of 132), there might be some more
QSOs in the UV-excess catalogue. However, the QSOs at |b|<5 are ex-
pected to be clustered at specific lines of sight where absorption is not so
strong. The fact that all known UVEX QSOs have a WISE match shows
that addingWISE data is a good additional selection criteria. A list of UV-
excess candidate QSOs is given in Table 6.2. The UVEX colours of these
candidate QSOs are at 0.65<(g − r)<1.10 and -0.21<(U − g)<-0.03 (Figs.
6.1 and 6.2), which are the colour ranges of known QSOs.
6.7 List of UV-excess sources with an IR-excess
Table 6.3 shows the UV-excess candidate white dwarfs with a match in
UKIDSS (46) or 2MASS (3). In the table “Selec” is column 20 of the
UV-excess catalogue of chapter 4, “Reg.” is the region in the (J −H) vs.
(H −K) colour-colour diagram, “Fit” shows the fitting results: i) Teff (kK)
of the white dwarf, ii) E(B − V ), and iii) the spectral type of companion
(M-type determined by fitting the photometry, or BD determined from the
resulting (J −K) colour), and Ch.4 is the classification of chapter 4.
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A.1 Synthetic colours with the effect of the
U-band filter “red leak”
The UVEX U -band filter has a small “red leak” near 7050Å, just large
enough to make very red sources appear slightly brighter in U than they
should be. This red leak, shown in Fig. A.1, has more effect on late type
main-sequence stars than on early type main-sequence stars and contributes
stronger for highly reddened stars. For unreddened M-dwarfs the effect of
this red leak is in the range of 0.01–0.03 magnitudes in (U − g). For M-
dwarfs reddened by E(B − V ) = 1 the effect is in the range of 0.1–0.3
magnitudes in (U − g). This effect for different E(B − V ) is shown in Fig.
A.2 together with the synthetic UVEX colours of Groot et al., 2009. Also
with the effect of the U -band filter red leak all late type main-sequence stars
and giants with reddening smaller than E(B − V ) = 2 are still below the
O5V-reddening curve. We do not expect to pick up very late type main-
sequence stars with reddening larger than E(B−V ) = 2 because they would
be too faint. Late type giants with reddening larger than E(B − V ) = 2
might be picked up by the selection algorithm since they are intrinsically
brighter. The purple sample will contain a significant number of late-type
M-giants since the synthetic colours of M-giants later than type M5III are
clearly in the region above the O5V-reddening line, see Fig. A.2. The ef-
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Figure A.1: Throughput of the INT/WFC RGO U-band filter used for
UVEX with the red leak near 7050Å.
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Figure A.2: The synthetic colours of main-sequence stars, giants and
super giants including the effect of the U -band filter red leak plotted in
the (U − g) vs. (g − r) colour-colour diagram. The colour-colour diagram
without the effect of the U -band red leak was already shown in Groot
et al., 2009 (Fig.6). In this graph the black lines are the Groot et al.,
2009 colours, the overplotted lines are the new synthetic colours of main-
sequence stars (thick red), giants (blue) and super giants (thin red) for
E(B–V)=0.0, 2.0 and 4.0 using the reddening law of Cardelli et al. (1989).
The upper and lower envelope curves (dashed) are the old O5V-reddening
curve and the M0III-reddening curve of Groot et al., 2009. Late M-giants
from M7III to M10III, not shown in Groot et al., 2009, were added.
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fect of the red leak was not included in the tables of Groot et al., 2009
since the existence of the leak was not known yet at that time. Tables with
new synthetic main-sequence, giant, supergiant and white dwarf colours for
the UVEX filter system including this effect of the U -band red leak, and
including reddening, are given here. Only the (U − g) colours are differ-
ent compared to Groot et al., 2009, for completeness all UVEX colours are
given here.
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Table A.1: UVEX colour indices (U − g), (g − r), (HeI − r) for Pickles
main-sequence stars (Pickles, 1998) including reddening.
Spec. E(B − V ) = 0.0 E(B − V ) = 1.0 E(B − V ) = 2.0
type U−g g−r Hei−r U−g g−r Hei−r U−g g−r Hei−r
O5V –1.393 –0.294 0.006 –0.209 0.667 0.149 1.059 1.547 0.326
O9V –1.314 –0.301 0.008 –0.125 0.652 0.151 1.148 1.525 0.329
B0V –1.254 –0.265 0.006 –0.072 0.691 0.148 1.194 1.567 0.326
B1V –1.119 –0.180 0.001 0.072 0.767 0.146 1.346 1.635 0.326
B3V –0.833 –0.160 0.004 0.346 0.785 0.151 1.606 1.651 0.332
B8V –0.316 –0.045 0.005 0.835 0.895 0.153 2.066 1.757 0.337
B9V –0.202 –0.003 0.009 0.952 0.932 0.160 2.184 1.791 0.345
A0V 0.028 0.013 0.002 1.180 0.943 0.153 2.408 1.798 0.338
A2V 0.084 0.039 –0.002 1.232 0.969 0.149 2.456 1.823 0.336
A3V 0.090 0.106 0.011 1.248 1.029 0.164 2.481 1.878 0.352
A5V 0.146 0.150 0.017 1.309 1.066 0.171 2.545 1.909 0.361
A7V 0.178 0.217 0.024 1.351 1.134 0.182 2.595 1.978 0.374
F0V 0.167 0.325 0.046 1.360 1.235 0.208 2.621 2.074 0.405
F2V 0.151 0.399 0.070 1.359 1.299 0.235 2.632 2.131 0.435
F5V 0.145 0.460 0.068 1.367 1.355 0.234 2.652 2.182 0.436
F6V 0.192 0.486 0.074 1.413 1.382 0.242 2.696 2.212 0.445
F8V 0.282 0.552 0.086 1.510 1.443 0.256 2.796 2.268 0.462
G0V 0.367 0.567 0.096 1.596 1.455 0.268 2.881 2.280 0.474
G2V 0.451 0.631 0.100 1.690 1.514 0.273 2.980 2.335 0.481
G5V 0.579 0.658 0.106 1.819 1.536 0.280 3.107 2.353 0.489
G8V 0.710 0.734 0.130 1.965 1.610 0.307 3.258 2.427 0.519
K0V 0.778 0.779 0.150 2.023 1.656 0.331 3.304 2.474 0.545
K2V 1.082 0.913 0.164 2.345 1.780 0.346 3.622 2.591 0.563
K3V 1.228 0.988 0.201 2.474 1.864 0.387 3.724 2.681 0.607
K4V 1.364 1.113 0.235 2.628 1.976 0.425 3.870 2.784 0.649
K5V 1.687 1.277 0.252 2.947 2.133 0.443 4.138 2.935 0.667
K7V 1.720 1.411 0.328 2.992 2.250 0.526 4.163 3.038 0.758
M0V 1.802 1.394 0.378 3.063 2.245 0.580 4.205 3.044 0.816
M1V 1.861 1.389 0.425 3.119 2.227 0.628 4.243 3.015 0.865
M2V 1.736 1.485 0.491 3.005 2.320 0.702 4.134 3.105 0.946
M3V 1.806 1.496 0.626 3.077 2.320 0.848 4.148 3.098 1.102
M4V 2.254 1.513 0.742 3.506 2.336 0.977 4.385 3.119 1.244
M5V 2.206 1.605 0.769 3.466 2.423 1.006 4.299 3.202 1.275
M6V 2.179 1.717 0.784 3.447 2.526 1.038 4.179 3.302 1.323
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Table A.1: , continued (Pickles main-sequence stars)
Spec. E(B − V ) = 3.0 E(B − V ) = 4.0
type U−g g−r Hei−r U−g g−r Hei−r
O5V 2.385 2.364 0.538 3.632 3.137 0.784
O9V 2.475 2.338 0.541 3.712 3.111 0.788
B0V 2.515 2.381 0.538 3.738 3.152 0.784
B1V 2.670 2.442 0.541 3.864 3.209 0.788
B3V 2.907 2.458 0.548 4.031 3.226 0.798
B8V 3.323 2.561 0.555 4.294 3.326 0.806
B9V 3.436 2.592 0.564 4.364 3.355 0.816
A0V 3.643 2.596 0.558 4.486 3.357 0.811
A2V 3.682 2.621 0.557 4.496 3.383 0.812
A3V 3.709 2.672 0.575 4.494 3.431 0.831
A5V 3.768 2.698 0.585 4.510 3.454 0.842
A7V 3.814 2.769 0.600 4.498 3.526 0.859
F0V 3.839 2.862 0.637 4.459 3.618 0.901
F2V 3.851 2.914 0.669 4.429 3.667 0.935
F5V 3.874 2.962 0.670 4.423 3.713 0.937
F6V 3.905 2.994 0.682 4.402 3.747 0.951
F8V 3.986 3.047 0.701 4.406 3.798 0.971
G0V 4.052 3.060 0.714 4.405 3.811 0.985
G2V 4.129 3.112 0.722 4.399 3.862 0.995
G5V 4.227 3.127 0.732 4.417 3.875 1.005
G8V 4.333 3.202 0.764 4.395 3.951 1.040
K0V 4.345 3.250 0.793 4.350 4.000 1.071
K2V 4.538 3.361 0.813 4.315 4.107 1.093
K3V 4.541 3.454 0.859 4.199 4.201 1.143
K4V 4.572 3.553 0.906 4.100 4.297 1.193
K5V 4.622 3.698 0.923 3.985 4.436 1.209
K7V 4.536 3.791 1.021 3.837 4.522 1.313
M0V 4.505 3.806 1.083 3.767 4.545 1.379
M1V 4.495 3.768 1.133 3.736 4.501 1.430
M2V 4.379 3.857 1.220 3.619 4.590 1.523
M3V 4.238 3.848 1.386 3.416 4.581 1.697
M4V 4.127 3.876 1.542 3.199 4.619 1.866
M5V 3.964 3.956 1.573 3.015 4.696 1.896
M6V 3.720 4.059 1.635 2.746 4.803 1.972
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Table A.2: UVEX colour indices (U − g), (g − r), (HeI − r) for Pickles
Giants including reddening.
Spec. E(B − V )=0.0 E(B − V )=1.0 E(B − V )=2.0
type U−g g−r Hei−r U−g g−r Hei−r U−g g−r Hei−r
O8III –1.341 –0.259 0.001 –0.152 0.696 0.143 1.122 1.571 0.320
B1-2III –1.133 –0.215 0.016 0.053 0.733 0.160 1.322 1.603 0.340
B3III –0.820 –0.185 0.032 0.362 0.759 0.179 1.625 1.627 0.361
B5III –0.594 –0.132 0.010 0.577 0.812 0.158 1.828 1.679 0.341
B9III –0.143 –0.045 –0.002 0.999 0.895 0.147 2.220 1.757 0.330
A0III 0.016 0.040 –0.003 1.172 0.968 0.147 2.405 1.821 0.333
A3III 0.168 0.136 –0.008 1.324 1.054 0.145 2.553 1.899 0.334
A5III 0.185 0.172 0.031 1.351 1.088 0.186 2.590 1.932 0.377
A7III 0.230 0.234 0.025 1.398 1.150 0.183 2.638 1.994 0.376
F0III 0.242 0.276 0.038 1.418 1.186 0.198 2.663 2.026 0.393
F2III 0.206 0.437 0.060 1.408 1.337 0.226 2.677 2.169 0.427
F5III 0.241 0.451 0.074 1.446 1.352 0.242 2.715 2.186 0.444
G0III 0.564 0.663 0.106 1.801 1.544 0.281 3.087 2.364 0.490
G5III 0.978 0.822 0.127 2.242 1.686 0.307 3.528 2.493 0.522
G8III 1.136 0.883 0.133 2.396 1.740 0.314 3.669 2.543 0.529
K0III 1.313 0.891 0.162 2.569 1.753 0.346 3.828 2.559 0.564
K1III 1.458 0.972 0.162 2.721 1.826 0.346 3.967 2.628 0.565
K2III 1.589 1.047 0.186 2.842 1.897 0.374 4.066 2.696 0.597
K3III 1.842 1.118 0.191 3.103 1.960 0.380 4.300 2.753 0.603
K4III 2.259 1.303 0.198 3.539 2.123 0.391 4.657 2.900 0.619
K5III 2.364 1.345 0.252 3.621 2.175 0.452 4.681 2.959 0.684
M0III 2.620 1.444 0.327 3.867 2.266 0.532 4.823 3.044 0.770
M1III 2.554 1.449 0.313 3.795 2.272 0.518 4.764 3.050 0.757
M2III 2.675 1.513 0.385 3.913 2.337 0.597 4.803 3.117 0.844
M3III 2.572 1.477 0.470 3.808 2.302 0.688 4.704 3.084 0.939
M4III 2.512 1.507 0.629 3.734 2.335 0.858 4.568 3.120 1.121
M5III 1.930 1.547 0.757 3.161 2.390 0.997 4.115 3.186 1.270
M6III 1.981 1.745 0.944 3.181 2.599 1.203 3.979 3.405 1.494
M7III 1.199 2.029 1.203 2.403 2.905 1.484 3.287 3.724 1.795
M8III 0.403 2.663 1.705 1.655 3.551 2.020 2.541 4.377 2.362
M9III 0.309 1.389 1.344 1.615 2.257 1.629 2.831 3.086 1.946
M10III 0.172 1.149 1.543 1.479 2.031 1.840 2.719 2.872 2.167
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Table A.2: , continued (Pickles Giants)
Spec. E(B − V )=3.0 E(B − V )=4.0
type U−g g−r Hei−r U−g g−r Hei−r
O8III 2.450 2.383 0.532 3.689 3.154 0.777
B1-2III 2.642 2.412 0.554 3.841 3.181 0.801
B3III 2.931 2.435 0.578 4.057 3.204 0.828
B5III 3.114 2.487 0.559 4.175 3.256 0.810
B9III 3.461 2.561 0.548 4.385 3.326 0.799
A0III 3.642 2.618 0.552 4.483 3.377 0.805
A3III 3.772 2.689 0.556 4.526 3.445 0.812
A5III 3.807 2.722 0.603 4.511 3.480 0.861
A7III 3.849 2.784 0.602 4.511 3.541 0.862
F0III 3.872 2.815 0.622 4.503 3.571 0.883
F2III 3.884 2.952 0.662 4.427 3.704 0.929
F5III 3.915 2.971 0.680 4.424 3.726 0.948
G0III 4.209 3.140 0.732 4.411 3.888 1.006
G5III 4.511 3.261 0.770 4.392 4.007 1.048
G8III 4.583 3.307 0.777 4.365 4.049 1.055
K0III 4.669 3.328 0.815 4.356 4.074 1.096
K1III 4.720 3.393 0.816 4.304 4.137 1.098
K2III 4.736 3.458 0.852 4.248 4.200 1.137
K3III 4.818 3.513 0.859 4.208 4.252 1.145
K4III 4.856 3.647 0.878 4.073 4.377 1.168
K5III 4.770 3.712 0.949 3.944 4.448 1.244
M0III 4.703 3.793 1.041 3.813 4.527 1.341
M1III 4.671 3.800 1.028 3.790 4.533 1.328
M2III 4.578 3.870 1.122 3.663 4.607 1.429
M3III 4.489 3.838 1.221 3.573 4.578 1.532
M4III 4.272 3.880 1.415 3.338 4.625 1.736
M5III 4.001 3.954 1.573 3.112 4.707 1.903
M6III 3.648 4.183 1.814 2.705 4.947 2.159
M7III 3.080 4.512 2.132 2.169 5.283 2.494
M8III 2.291 5.169 2.725 1.378 5.943 3.108
M9III 3.287 3.890 2.289 2.626 4.681 2.656
M10III 3.269 3.689 2.522 2.665 4.492 2.899
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Table A.3: UVEX /IPHAS colour indices (U − g), (g− r), (HeI − r) for
Pickles Supergiants including reddening.
Spec. E(B − V )=0.0 E(B − V )=1.0 E(B − V )=2.0
type U−g g−r Hei−r U−g g−r Hei−r U−g g−r Hei−r
B0I –1.210 –0.193 0.040 –0.005 0.748 0.186 1.280 1.613 0.368
B1I –1.121 –0.118 0.034 0.082 0.825 0.186 1.364 1.692 0.374
B3I –0.918 –0.064 0.041 0.270 0.878 0.190 1.540 1.741 0.374
B5I –0.821 –0.019 0.052 0.375 0.913 0.206 1.649 1.771 0.395
B8I –0.636 0.005 0.067 0.552 0.931 0.221 1.818 1.783 0.410
A0I –0.260 0.047 0.051 0.890 0.977 0.206 2.120 1.832 0.397
A2I –0.211 0.143 0.046 0.954 1.064 0.202 2.197 1.912 0.394
F0I 0.353 0.224 0.048 1.488 1.141 0.208 2.696 1.986 0.403
F5I 0.363 0.288 0.069 1.511 1.204 0.234 2.731 2.050 0.433
F8I 0.715 0.558 0.077 1.906 1.438 0.244 3.152 2.255 0.446
G0I 0.803 0.740 0.101 2.033 1.610 0.274 3.304 2.420 0.482
G2I 1.050 0.825 0.090 2.295 1.682 0.265 3.566 2.483 0.475
G5I 1.327 0.945 0.114 2.588 1.785 0.293 3.851 2.575 0.507
G8I 1.760 1.108 0.183 3.016 1.948 0.371 4.225 2.738 0.593
K2I 2.357 1.342 0.191 3.631 2.153 0.384 4.725 2.922 0.611
K3I 2.451 1.442 0.243 3.719 2.255 0.442 4.759 3.025 0.675
K4I 2.491 1.524 0.276 3.774 2.329 0.479 4.779 3.095 0.715
M2I 2.641 1.624 0.483 3.876 2.433 0.703 4.701 3.205 0.956
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Table A.3: , continued (Pickles Supergiants)
Spec. E(B − V )=3.0 E(B − V )=4.0
type U−g g−r Hei−r U−g g−r Hei−r
B0I 2.612 2.420 0.585 3.817 3.189 0.834
B1I 2.689 2.502 0.596 3.857 3.274 0.851
B3I 2.851 2.545 0.593 3.977 3.309 0.845
B5I 2.957 2.573 0.619 4.040 3.339 0.875
B8I 3.113 2.581 0.634 4.152 3.344 0.890
A0I 3.369 2.632 0.621 4.292 3.397 0.879
A2I 3.449 2.706 0.620 4.322 3.465 0.878
F0I 3.874 2.780 0.633 4.496 3.541 0.896
F5I 3.908 2.846 0.666 4.481 3.609 0.931
F8I 4.264 3.029 0.681 4.531 3.776 0.948
G0I 4.366 3.190 0.724 4.439 3.934 0.997
G2I 4.543 3.246 0.718 4.439 3.986 0.993
G5I 4.711 3.331 0.754 4.425 4.067 1.032
G8I 4.808 3.496 0.848 4.248 4.234 1.133
K2I 4.871 3.665 0.870 4.070 4.392 1.159
K3I 4.782 3.769 0.939 3.938 4.498 1.234
K4I 4.707 3.837 0.983 3.830 4.565 1.281
M2I 4.383 3.954 1.240 3.444 4.690 1.553
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Table A.4: UVEX /IPHAS colour indices (U − g), (g − r), (Hei−r)
(r − Hα) and (r − i) for log(g)=8.0 Bergeron DA white dwarfs includ-
ing reddening.
T (K) E(B–V)=0.0 E(B–V)=1.0
U−g g−r Hei−r r−Hα r−i U−g g−r Hei−r r−Hα r−i
1500 1.794 0.761 –0.232 –0.275 –2.272 3.079 1.469 –0.132 –0.030 –1.598
1750 1.581 1.025 –0.095 0.007 –1.613 2.865 1.772 0.036 0.220 –0.944
2000 1.411 1.160 0.029 0.215 –1.036 2.693 1.939 0.185 0.403 –0.375
2250 1.267 1.229 0.118 0.325 –0.531 2.545 2.034 0.293 0.495 0.124
2500 1.139 1.254 0.174 0.375 –0.093 2.414 2.078 0.361 0.534 0.562
2750 1.031 1.249 0.203 0.393 0.258 2.303 2.084 0.396 0.545 0.920
3000 0.939 1.225 0.214 0.396 0.501 2.209 2.068 0.409 0.546 1.174
3250 0.855 1.191 0.214 0.393 0.638 2.123 2.040 0.410 0.542 1.320
3500 0.774 1.151 0.209 0.386 0.694 2.041 2.003 0.404 0.536 1.381
3750 0.695 1.106 0.201 0.378 0.700 1.960 1.962 0.395 0.529 1.390
4000 0.612 1.057 0.191 0.368 0.682 1.876 1.916 0.383 0.522 1.373
4250 0.523 1.002 0.180 0.357 0.650 1.784 1.865 0.370 0.513 1.342
4500 0.425 0.941 0.168 0.344 0.610 1.684 1.808 0.355 0.502 1.303
4750 0.322 0.876 0.155 0.329 0.567 1.578 1.747 0.340 0.490 1.261
5000 0.218 0.810 0.143 0.311 0.523 1.470 1.686 0.324 0.474 1.218
5250 0.118 0.747 0.130 0.288 0.482 1.368 1.626 0.309 0.453 1.178
5500 0.027 0.688 0.118 0.260 0.445 1.273 1.572 0.295 0.428 1.141
6000 –0.136 0.584 0.098 0.205 0.381 1.105 1.474 0.270 0.377 1.079
6500 –0.277 0.494 0.080 0.157 0.327 0.960 1.390 0.249 0.334 1.026
7000 –0.381 0.420 0.066 0.117 0.280 0.853 1.321 0.232 0.297 0.980
7500 –0.449 0.360 0.055 0.082 0.240 0.782 1.264 0.217 0.265 0.941
8000 –0.489 0.310 0.044 0.048 0.204 0.740 1.216 0.204 0.233 0.906
8500 –0.508 0.266 0.034 0.014 0.171 0.719 1.174 0.192 0.202 0.873
9000 –0.511 0.228 0.023 –0.022 0.140 0.715 1.136 0.178 0.167 0.843
9500 –0.505 0.193 0.011 –0.068 0.110 0.721 1.100 0.164 0.124 0.814
10000 –0.496 0.160 –0.000 –0.119 0.083 0.731 1.067 0.150 0.076 0.788
10500 –0.489 0.132 –0.011 –0.161 0.057 0.737 1.037 0.137 0.037 0.764
11000 –0.489 0.106 –0.019 –0.191 0.035 0.737 1.010 0.127 0.008 0.742
11500 –0.496 0.082 –0.026 –0.212 0.016 0.730 0.987 0.119 –0.011 0.724
12000 –0.502 0.061 –0.031 –0.224 –0.001 0.724 0.966 0.112 –0.021 0.708
12500 –0.509 0.044 –0.034 –0.225 –0.013 0.716 0.949 0.108 –0.022 0.696
13000 –0.520 0.027 –0.036 –0.223 –0.024 0.704 0.933 0.105 –0.020 0.685
13500 –0.538 0.010 –0.038 –0.221 –0.034 0.685 0.918 0.103 –0.017 0.675
14000 –0.562 –0.005 –0.039 –0.217 –0.044 0.660 0.905 0.102 –0.013 0.665
14500 –0.589 –0.019 –0.039 –0.212 –0.051 0.631 0.893 0.102 –0.007 0.657
15000 –0.618 –0.031 –0.039 –0.206 –0.058 0.601 0.882 0.102 –0.001 0.650
15500 –0.647 –0.042 –0.038 –0.199 –0.064 0.571 0.873 0.102 0.006 0.644
16000 –0.676 –0.052 –0.038 –0.192 –0.070 0.541 0.865 0.102 0.013 0.638
16500 –0.704 –0.061 –0.038 –0.184 –0.075 0.512 0.857 0.103 0.020 0.633
17000 –0.732 –0.070 –0.038 –0.177 –0.079 0.483 0.850 0.103 0.027 0.629
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Table A.4: , continued (Bergeron DA white dwarfs)
T (K) E(B–V)=2.0 E(B–V)=3.0
U−g g−r Hei−r r−Hα r−i U−g g−r Hei−r r−Hα r−i
1500 4.411 2.129 –0.004 0.186 –0.901 5.679 2.761 0.153 0.374 -0.179
1750 4.190 2.469 0.196 0.404 –0.254 5.381 3.136 0.385 0.559 0.455
2000 4.005 2.669 0.372 0.561 0.303 5.108 3.368 0.589 0.689 0.998
2250 3.843 2.788 0.499 0.634 0.792 4.854 3.511 0.736 0.742 1.474
2500 3.699 2.849 0.580 0.660 1.227 4.630 3.589 0.830 0.755 1.903
2750 3.579 2.867 0.622 0.664 1.590 4.460 3.617 0.880 0.752 2.269
3000 3.481 2.858 0.638 0.662 1.853 4.347 3.614 0.899 0.747 2.538
3250 3.397 2.834 0.639 0.658 2.007 4.277 3.593 0.901 0.742 2.699
3500 3.320 2.800 0.633 0.653 2.073 4.230 3.562 0.893 0.737 2.770
3750 3.243 2.762 0.622 0.647 2.085 4.192 3.525 0.881 0.733 2.784
4000 3.164 2.718 0.609 0.641 2.070 4.154 3.483 0.867 0.729 2.770
4250 3.077 2.670 0.594 0.634 2.039 4.111 3.436 0.850 0.723 2.741
4500 2.980 2.615 0.577 0.626 2.001 4.058 3.383 0.830 0.717 2.703
4750 2.878 2.558 0.559 0.616 1.959 3.996 3.327 0.810 0.710 2.661
5000 2.772 2.499 0.541 0.603 1.917 3.927 3.271 0.790 0.699 2.620
5250 2.671 2.443 0.523 0.585 1.877 3.856 3.216 0.770 0.684 2.581
5500 2.578 2.391 0.506 0.562 1.842 3.786 3.166 0.751 0.663 2.546
6000 2.410 2.298 0.477 0.516 1.780 3.654 3.076 0.718 0.621 2.486
6500 2.265 2.219 0.452 0.476 1.728 3.533 2.999 0.689 0.584 2.435
7000 2.157 2.152 0.432 0.442 1.684 3.441 2.935 0.666 0.553 2.392
7500 2.085 2.098 0.415 0.412 1.646 3.378 2.882 0.647 0.526 2.354
8000 2.042 2.052 0.400 0.383 1.611 3.341 2.837 0.629 0.499 2.320
8500 2.021 2.010 0.385 0.354 1.579 3.324 2.795 0.612 0.473 2.289
9000 2.016 1.972 0.369 0.322 1.550 3.323 2.756 0.594 0.443 2.260
9500 2.022 1.935 0.352 0.282 1.522 3.331 2.718 0.574 0.405 2.234
10000 2.032 1.901 0.335 0.236 1.497 3.343 2.682 0.555 0.362 2.209
10500 2.039 1.869 0.320 0.199 1.474 3.352 2.649 0.538 0.327 2.187
11000 2.038 1.842 0.308 0.173 1.453 3.354 2.621 0.524 0.302 2.167
11500 2.032 1.818 0.298 0.155 1.435 3.349 2.596 0.512 0.287 2.150
12000 2.025 1.797 0.290 0.146 1.420 3.344 2.575 0.503 0.279 2.135
12500 2.017 1.781 0.286 0.146 1.408 3.337 2.559 0.498 0.280 2.124
13000 2.004 1.766 0.282 0.149 1.398 3.325 2.544 0.493 0.283 2.114
13500 1.985 1.752 0.279 0.153 1.387 3.306 2.531 0.490 0.287 2.103
14000 1.958 1.740 0.278 0.157 1.378 3.281 2.520 0.489 0.292 2.094
14500 1.929 1.730 0.277 0.163 1.370 3.252 2.511 0.488 0.298 2.086
15000 1.898 1.721 0.277 0.169 1.363 3.222 2.504 0.488 0.304 2.078
15500 1.866 1.713 0.278 0.176 1.356 3.192 2.498 0.488 0.311 2.072
16000 1.836 1.706 0.278 0.183 1.350 3.162 2.492 0.488 0.318 2.066
16500 1.806 1.700 0.278 0.190 1.345 3.133 2.487 0.489 0.326 2.060
17000 1.777 1.695 0.279 0.197 1.340 3.105 2.482 0.489 0.333 2.055
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Table A.4: , continued (Bergeron DA white dwarfs)
T (K) E(B–V)=4.0
U−g g−r Hei−r r−Hα r−i
1500 6.352 3.380 0.339 0.532 0.566
1750 5.766 3.789 0.604 0.685 1.184
2000 5.253 4.050 0.834 0.788 1.708
2250 4.807 4.216 1.002 0.821 2.169
2500 4.448 4.310 1.110 0.821 2.590
2750 4.203 4.348 1.166 0.811 2.955
3000 4.067 4.350 1.189 0.802 3.229
3250 4.012 4.332 1.191 0.797 3.396
3500 4.006 4.303 1.184 0.793 3.471
3750 4.024 4.267 1.171 0.789 3.488
4000 4.054 4.226 1.154 0.786 3.475
4250 4.089 4.180 1.136 0.783 3.446
4500 4.126 4.128 1.114 0.779 3.409
4750 4.160 4.073 1.092 0.773 3.368
5000 4.189 4.017 1.069 0.765 3.327
5250 4.210 3.964 1.047 0.752 3.289
5500 4.223 3.914 1.026 0.733 3.254
6000 4.233 3.826 0.989 0.694 3.195
6500 4.225 3.750 0.958 0.661 3.145
7000 4.215 3.687 0.932 0.633 3.103
7500 4.210 3.635 0.911 0.608 3.066
8000 4.213 3.589 0.891 0.583 3.032
8500 4.224 3.548 0.872 0.559 3.002
9000 4.243 3.507 0.851 0.531 2.974
9500 4.266 3.468 0.830 0.495 2.948
10000 4.291 3.430 0.809 0.455 2.925
10500 4.312 3.396 0.789 0.422 2.903
11000 4.326 3.366 0.773 0.399 2.884
11500 4.334 3.341 0.760 0.384 2.867
12000 4.340 3.319 0.750 0.378 2.853
12500 4.342 3.303 0.744 0.379 2.842
13000 4.340 3.288 0.739 0.383 2.832
13500 4.332 3.276 0.735 0.388 2.822
14000 4.319 3.266 0.733 0.393 2.813
14500 4.302 3.258 0.733 0.399 2.804
15000 4.283 3.252 0.732 0.405 2.797
15500 4.263 3.246 0.733 0.413 2.790
16000 4.243 3.242 0.733 0.420 2.784
16500 4.224 3.237 0.733 0.427 2.778
17000 4.204 3.233 0.733 0.434 2.773
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Table A.5: UVEX /IPHAS colour indices (U − g), (g − r), (HeI − r)
(r − Hα) and (r − i) for log(g)=8.0 Koester DA white dwarfs including
reddening
T (K) E(B–V)=0.0 E(B–V)=1.0
U−g g−r Hei−r r−Hα r−i U−g g−r Hei−r r−Hα r−i
6000 –0.118 0.591 0.102 0.257 0.378 1.123 1.482 0.275 0.429 1.074
7000 –0.375 0.423 0.072 0.191 0.275 0.858 1.325 0.238 0.369 0.974
8000 –0.487 0.312 0.047 0.101 0.200 0.742 1.219 0.208 0.286 0.901
9000 –0.510 0.228 0.024 –0.009 0.139 0.717 1.136 0.179 0.180 0.841
10000 –0.492 0.160 0.000 –0.117 0.083 0.735 1.066 0.151 0.078 0.788
11000 –0.487 0.105 –0.018 –0.183 0.035 0.739 1.010 0.129 0.017 0.742
12000 –0.504 0.063 –0.028 –0.207 0.002 0.722 0.968 0.116 –0.005 0.710
13000 –0.527 0.028 –0.033 –0.208 –0.022 0.698 0.935 0.109 –0.005 0.687
14000 –0.567 –0.004 –0.037 –0.205 –0.042 0.655 0.905 0.104 –0.001 0.667
15000 –0.622 –0.030 –0.037 –0.196 –0.057 0.598 0.883 0.104 0.008 0.651
16000 –0.681 –0.051 –0.037 –0.184 –0.069 0.537 0.866 0.104 0.021 0.639
17000 –0.738 –0.069 –0.036 –0.170 –0.078 0.478 0.851 0.104 0.034 0.629
18000 –0.791 –0.084 –0.036 –0.158 –0.087 0.423 0.838 0.105 0.047 0.621
19000 –0.840 –0.098 –0.036 –0.147 –0.094 0.373 0.827 0.105 0.057 0.613
20000 –0.885 –0.110 –0.036 –0.138 –0.101 0.327 0.816 0.105 0.067 0.606
22000 –0.964 –0.132 –0.036 –0.124 –0.114 0.246 0.798 0.104 0.081 0.593
24000 –1.031 –0.151 –0.037 –0.114 –0.125 0.178 0.781 0.103 0.091 0.581
26000 –1.091 –0.170 –0.037 –0.106 –0.136 0.116 0.766 0.103 0.100 0.571
28000 –1.146 –0.185 –0.037 –0.095 –0.145 0.059 0.752 0.102 0.111 0.561
30000 –1.197 –0.198 –0.037 –0.078 –0.152 0.008 0.742 0.103 0.127 0.553
35000 –1.278 –0.219 –0.035 –0.038 –0.163 –0.077 0.725 0.105 0.167 0.542
40000 –1.318 –0.231 –0.034 –0.017 –0.169 –0.118 0.716 0.106 0.188 0.536
45000 –1.342 –0.239 –0.034 –0.004 –0.172 –0.143 0.709 0.106 0.201 0.532
50000 –1.359 –0.244 –0.034 0.005 –0.175 –0.160 0.704 0.106 0.210 0.529
55000 –1.372 –0.249 –0.034 0.012 –0.177 –0.174 0.700 0.107 0.217 0.527
60000 –1.382 –0.253 –0.033 0.017 –0.179 –0.185 0.697 0.107 0.222 0.525
65000 –1.391 –0.256 –0.033 0.021 –0.181 –0.193 0.694 0.107 0.226 0.523
70000 –1.398 –0.259 –0.033 0.025 –0.183 –0.201 0.692 0.107 0.230 0.522
75000 –1.404 –0.262 –0.033 0.027 –0.184 –0.208 0.690 0.107 0.232 0.520
80000 –1.410 –0.264 –0.033 0.030 –0.185 –0.213 0.688 0.107 0.235 0.519
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Table A.5: , continued (Koester DA white dwarfs)
T (K) E(B–V)=2.0 E(B–V)=3.0
U−g g−r Hei−r r−Hα r−i U−g g−r Hei−r r−Hα r−i
6000 2.428 2.306 0.483 0.566 1.775 3.669 3.084 0.724 0.671 2.480
7000 2.161 2.158 0.439 0.513 1.677 3.444 2.942 0.674 0.624 2.384
8000 2.044 2.056 0.404 0.435 1.606 3.343 2.841 0.634 0.551 2.314
9000 2.018 1.973 0.370 0.335 1.548 3.325 2.757 0.595 0.456 2.259
10000 2.036 1.900 0.336 0.239 1.497 3.348 2.681 0.556 0.364 2.210
11000 2.041 1.841 0.310 0.181 1.453 3.357 2.620 0.526 0.311 2.167
12000 2.024 1.799 0.294 0.162 1.422 3.343 2.577 0.507 0.294 2.137
13000 1.998 1.768 0.286 0.164 1.400 3.319 2.547 0.498 0.297 2.115
14000 1.954 1.741 0.281 0.168 1.379 3.278 2.521 0.492 0.303 2.095
15000 1.895 1.722 0.279 0.178 1.364 3.220 2.505 0.490 0.313 2.079
16000 1.833 1.707 0.280 0.191 1.351 3.160 2.493 0.490 0.326 2.067
17000 1.773 1.695 0.280 0.204 1.341 3.101 2.483 0.490 0.339 2.056
18000 1.717 1.685 0.280 0.217 1.332 3.047 2.474 0.491 0.352 2.047
19000 1.666 1.675 0.280 0.227 1.324 2.997 2.466 0.491 0.363 2.039
20000 1.619 1.666 0.280 0.237 1.317 2.951 2.459 0.490 0.372 2.031
22000 1.537 1.651 0.279 0.251 1.304 2.871 2.445 0.489 0.386 2.018
24000 1.467 1.637 0.278 0.262 1.292 2.803 2.433 0.488 0.397 2.006
26000 1.405 1.623 0.277 0.270 1.281 2.741 2.421 0.487 0.407 1.995
28000 1.347 1.612 0.277 0.282 1.271 2.684 2.411 0.486 0.418 1.985
30000 1.294 1.603 0.277 0.298 1.263 2.632 2.404 0.486 0.434 1.977
35000 1.208 1.590 0.279 0.337 1.252 2.546 2.395 0.489 0.473 1.964
40000 1.166 1.583 0.280 0.359 1.245 2.503 2.389 0.490 0.495 1.958
45000 1.140 1.578 0.281 0.372 1.241 2.478 2.384 0.490 0.508 1.953
50000 1.122 1.574 0.281 0.381 1.238 2.459 2.381 0.491 0.516 1.950
55000 1.108 1.570 0.281 0.387 1.236 2.446 2.379 0.491 0.523 1.948
60000 1.097 1.568 0.281 0.392 1.234 2.434 2.376 0.491 0.528 1.946
65000 1.088 1.565 0.282 0.397 1.232 2.425 2.375 0.491 0.532 1.944
70000 1.080 1.563 0.282 0.400 1.230 2.417 2.373 0.491 0.536 1.942
75000 1.073 1.562 0.281 0.403 1.229 2.410 2.371 0.491 0.539 1.941
80000 1.067 1.560 0.281 0.405 1.227 2.404 2.370 0.491 0.541 1.940
Table A.5: , continued (Koester DA white dwarfs)
T (K) E(B–V)=4.0
U−g g−r Hei−r r−Hα r−i
6000 4.238 3.834 0.996 0.744 3.189
7000 4.217 3.695 0.941 0.703 3.094
8000 4.214 3.594 0.896 0.634 3.026
9000 4.244 3.508 0.853 0.544 2.972
10000 4.294 3.429 0.809 0.457 2.925
11000 4.328 3.366 0.775 0.407 2.884
12000 4.338 3.322 0.755 0.393 2.855
13000 4.335 3.292 0.744 0.397 2.834
14000 4.316 3.268 0.737 0.404 2.814
15000 4.282 3.253 0.735 0.414 2.798
16000 4.242 3.243 0.735 0.427 2.785
17000 4.202 3.234 0.735 0.441 2.774
18000 4.164 3.227 0.735 0.453 2.765
19000 4.128 3.220 0.735 0.464 2.756
20000 4.095 3.213 0.734 0.474 2.749
22000 4.035 3.202 0.733 0.488 2.735
24000 3.983 3.191 0.731 0.500 2.723
26000 3.936 3.180 0.730 0.509 2.712
28000 3.892 3.171 0.729 0.521 2.702
30000 3.849 3.166 0.729 0.537 2.693
35000 3.778 3.158 0.732 0.576 2.681
40000 3.743 3.154 0.733 0.597 2.674
45000 3.721 3.150 0.733 0.610 2.669
50000 3.706 3.148 0.734 0.619 2.666
55000 3.694 3.145 0.734 0.625 2.663
60000 3.685 3.144 0.734 0.631 2.661
65000 3.677 3.142 0.734 0.635 2.660
70000 3.670 3.141 0.734 0.638 2.658
75000 3.665 3.139 0.734 0.641 2.656
80000 3.659 3.138 0.734 0.643 2.655
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Table A.6: UVEX /IPHAS colour indices (U − g), (g − r), (HeI − r)
(r − Hα) and (r − i) for log(g)=8.0 Koester DB white dwarfs including
reddening.
T (K) E(B–V)=0.0 E(B–V)=1.0
U−g g−r Hei−r r−Hα r−i U−g g−r Hei−r r−Hα
10000 –0.753 0.162 0.033 0.172 0.081 0.465 1.083 0.189 0.361 0.781
11000 –0.839 0.109 0.031 0.161 0.049 0.376 1.033 0.186 0.351 0.749
12000 –0.907 0.067 0.037 0.153 0.023 0.305 0.995 0.190 0.345 0.724
13000 –0.955 0.032 0.050 0.146 –0.000 0.256 0.962 0.202 0.339 0.701
14000 –0.990 0.001 0.072 0.140 –0.020 0.219 0.933 0.223 0.334 0.681
15000 –1.014 –0.024 0.101 0.135 –0.037 0.195 0.908 0.250 0.330 0.665
16000 –1.028 –0.045 0.134 0.130 –0.050 0.180 0.888 0.283 0.326 0.652
17000 –1.037 –0.063 0.167 0.125 –0.060 0.172 0.870 0.314 0.322 0.643
18000 –1.043 –0.078 0.194 0.120 –0.068 0.166 0.855 0.341 0.318 0.635
19000 –1.048 –0.091 0.212 0.115 –0.075 0.161 0.841 0.358 0.314 0.629
20000 –1.054 –0.103 0.220 0.111 –0.081 0.155 0.830 0.366 0.310 0.624
22000 –1.064 –0.117 0.216 0.107 –0.088 0.144 0.816 0.361 0.306 0.617
24000 –1.077 –0.128 0.199 0.104 –0.094 0.131 0.807 0.343 0.304 0.611
26000 –1.100 –0.142 0.185 0.100 –0.103 0.107 0.793 0.329 0.301 0.602
28000 –1.127 –0.156 0.175 0.098 –0.113 0.078 0.781 0.319 0.299 0.592
30000 –1.156 –0.169 0.164 0.096 –0.122 0.048 0.770 0.307 0.297 0.583
35000 –1.227 –0.196 0.134 0.092 –0.139 –0.025 0.747 0.277 0.294 0.565
40000 –1.285 –0.218 0.116 0.088 –0.154 –0.085 0.728 0.258 0.290 0.551
50000 –1.418 –0.236 0.038 0.080 –0.180 –0.223 0.717 0.180 0.284 0.524
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Table A.6: , continued (Koester DB white dwarfs)
T (K) E(B–V)=2.0 E(B–V)=3.0
U−g g−r Hei−r r−Hα r−i U−g g−r Hei−r r−Hα r−i
10000 1.759 1.930 0.380 0.515 1.485 3.076 2.722 0.605 0.635 2.193
11000 1.669 1.883 0.375 0.507 1.453 2.991 2.678 0.598 0.629 2.162
12000 1.597 1.848 0.378 0.502 1.428 2.922 2.645 0.600 0.626 2.137
13000 1.547 1.816 0.388 0.498 1.406 2.875 2.614 0.609 0.622 2.114
14000 1.510 1.788 0.408 0.494 1.386 2.839 2.587 0.627 0.620 2.095
15000 1.485 1.764 0.435 0.491 1.370 2.816 2.563 0.653 0.618 2.080
16000 1.471 1.744 0.466 0.488 1.358 2.803 2.542 0.684 0.616 2.068
17000 1.463 1.725 0.497 0.485 1.349 2.797 2.523 0.713 0.613 2.060
18000 1.458 1.709 0.522 0.481 1.343 2.794 2.505 0.738 0.610 2.054
19000 1.453 1.695 0.539 0.478 1.337 2.790 2.491 0.754 0.607 2.048
20000 1.447 1.684 0.546 0.475 1.332 2.784 2.479 0.761 0.605 2.044
22000 1.436 1.670 0.541 0.471 1.325 2.774 2.465 0.755 0.602 2.037
24000 1.422 1.662 0.523 0.469 1.319 2.760 2.458 0.737 0.600 2.031
26000 1.397 1.650 0.508 0.467 1.310 2.736 2.447 0.722 0.598 2.022
28000 1.368 1.639 0.497 0.465 1.300 2.706 2.437 0.710 0.597 2.012
30000 1.336 1.630 0.485 0.464 1.291 2.675 2.429 0.698 0.596 2.003
35000 1.261 1.611 0.454 0.461 1.274 2.599 2.413 0.666 0.594 1.986
40000 1.199 1.594 0.435 0.459 1.259 2.538 2.398 0.646 0.592 1.971
50000 1.058 1.589 0.355 0.453 1.232 2.394 2.399 0.566 0.588 1.943
Table A.6: , continued (Koester DB white dwarfs)
T (K) E(B–V)=4.0
U−g g−r Hei−r r−Hα r−i
10000 4.099 3.481 0.863 0.723 2.904
11000 4.055 3.438 0.854 0.719 2.874
12000 4.016 3.406 0.854 0.716 2.849
13000 3.991 3.375 0.863 0.714 2.827
14000 3.972 3.348 0.880 0.713 2.808
15000 3.961 3.324 0.904 0.712 2.793
16000 3.958 3.302 0.934 0.711 2.781
17000 3.959 3.282 0.963 0.709 2.774
18000 3.962 3.264 0.988 0.707 2.768
19000 3.964 3.248 1.003 0.704 2.763
20000 3.962 3.236 1.009 0.702 2.759
22000 3.958 3.222 1.002 0.699 2.752
24000 3.948 3.215 0.984 0.698 2.747
26000 3.930 3.205 0.969 0.696 2.738
28000 3.907 3.196 0.957 0.696 2.728
30000 3.883 3.189 0.944 0.695 2.719
35000 3.822 3.176 0.911 0.694 2.701
40000 3.772 3.162 0.890 0.693 2.686
50000 3.646 3.168 0.810 0.689 2.658
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A.2 Obtained UV-excess spectra
All obtained UV-excess spectra are shown in Figs. A.3 to A.13 per popu-
lation sorted by right ascension. These spectra and Table 4.5 can also be
obtained from the UVEX website. Note that the Hectospec spectra might
show emission features at the wavelengths of the Balmer lines due to bad
sky subtraction in fields with diffuse emission (Fabricant et al., 2005). The
Hectospec spectra were corrected for incomplete sky subtraction (Vink et
al., 2008), and they are not flux calibrated. Some of the WHT/ISIS spec-
tra obtained in December 2010 have a small hump around 5 100Å. which is
not a real feature. Also note the dichroic gap from λ=5200–5 600Å, of the
WHT/ISIS spectra due to the blue and red arm of ISIS. All UV-excess spec-
tra were smoothed by a boxcar smoothing algorithm which takes for each
pixel also the flux of four neighbouring pixels into account with weights
1:2:4:2:1.
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Figure A.3: DA white dwarfs. The pink, red and green lines indicate the
position of hydrogen, HeI and HeII respectively. The blue line is a skyline
in the Hectospec spectra.
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Figure A.4: DA white dwarfs. The pink, red and green lines indicate the
position of hydrogen, HeI and HeII respectively. The blue line is a skyline
in the Hectospec spectra.
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Figure A.5: DA white dwarfs. The pink, red and green lines indicate the
position of hydrogen, HeI and HeII respectively. The blue line is a skyline
in the Hectospec spectra.
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Figure A.6: DA white dwarfs. The pink, red and green lines indicate the
position of hydrogen, HeI and HeII respectively. The blue line is a skyline
in the Hectospec spectra.
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Figure A.7: All UV-excess spectra classified as DB and DAB white
dwarfs. The pink, red and green lines indicate the position of hydro-
gen, HeI and HeII respectively. The blue line is a skyline in the Hectospec
spectra. 215
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Figure A.8: The UV-excess spectra classified as He-sdO, sdO, sdB and
sdB+F candidates. The pink, red and green lines indicate the position
of hydrogen, HeI and HeII respectively. The blue line is a skyline in the
Hectospec spectra.216
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Figure A.9: The UV-excess spectra classified as MS/BHB stars, probably
sdB/sdO/O type stars and 1 G-type star. The pink, red and green lines
indicate the position of hydrogen, HeI and HeII respectively. The blue line
is a skyline in the Hectospec spectra. 217
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Figure A.10: All UV-excess spectra classified as Cataclysmic Variables
and DAe white dwarfs. The pink, red and green lines indicate the position
of hydrogen, HeI and HeII respectively. The blue line is a skyline in the
Hectospec spectra.218
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Figure A.11: The UV-excess spectra classified as DA+dM systems, T
Tauri stars, Be star and 1 M5III giant. The pink, red and green lines
indicate the position of hydrogen, HeI and HeII respectively. The blue
line is a skyline in the Hectospec spectra. 219
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Figure A.12: UV-excess spectra classified as DC and DZ white dwarfs,
QSOs and 2 unknown sources. Note that the emission lines of the 2 un-
known sources, also present in the sky offset spectra, are due to diffuse
emission in the field. The pink, red and green lines indicate the position
of hydrogen, HeI and HeII respectively. The blue line is a skyline in the
Hectospec spectra.
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Figure A.13: UV-excess spectra classified as “Noisy”. The pink, red and
green lines indicate the position of hydrogen, HeI and HeII respectively.
The blue line is a skyline in the Hectospec spectra.
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Theoretische Samenvatting
De Melkweg
De Melkweg is het sterrenstelsel waar wĳ ons met ons zonnestelsel in bevin-
den. Onze zon is een van de miljarden sterren die samen dit sterrenstelsel
vormen. De Melkweg heeft de vorm van een platte schĳf vergelĳkbaar met
een “pannenkoek” met een diameter van ongeveer 100 000 lichtjaar. Do-
ordat de zwaartekracht en de rotatie van alle sterren in het Melkweg ster-
Figure 1: De Melkweg boven de Canarische eilanden (credits: Juan Car-
los Casado).
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Figure 2: Structuur van de Melkweg zoals deze zou zĳn volgens recente
onderzoeken ( c©Mark A. Garlick www.markgarlick.com and www.space-
art.co.uk).
renstelsel in evenwicht zĳn heeft de Melkweg deze stabiele vorm. Omdat
ons zonnestelsel zich in de Melkweg bevindt zien we de “pannenkoek” van
binnenuit als een gloeiende band aan de nachtelĳke hemel. In Nederland
is de Melkweg net zichtbaar vanaf de donkerste locaties tĳdens maanloze
nachten. Als je op een plek bent die helemaal donker is, bĳvoorbeeld op
vakantie (Fig. 1), en je naar boven kĳkt tĳdens een mooie heldere nacht,
dan kun je de gloeiende band van miljarden sterren zelf zien. Vanuit onze
positie in de Melkweg zien we alleen maar deze band van sterren, maar we
weten dat de Melkweg een sterrenstelsel is zoals er op grote afstand meer
spiraal stelsels om ons heen te zien zĳn, zoals bĳvoorbeeld het Andromeda
sterrenstelsel.
De Melkweg heeft een spiraalvormige structuur die te zien is in Fig. 2.
De meerderheid van sterren, stof en gas bevindt zich in de schĳf. De oud-
ste sterren in het melkwegstelsel zĳn ongeveer 13,2 miljard jaar, een beetje
jonger dan de leeftĳd van de Melkweg zelf, die is ongeveer 13,6 miljard jaar
oud. Vlakbĳ het Galactisch centrum is er een uitstulping, een zeer drukke
plek. Ten gevolge van interstellair gas en stof is het Galactische centrum en
het grootste deel van de schĳf vanaf onze positie in de Melkweg niet goed
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Figure 3: De Kattenoognevel (NGC 6543) is een planetaire nevel,
ontstaan toen een opgebrande ster zĳn buitenste laag verloor. Deze ster
is nu een witte dwerg in het centrum van de nevel. (credits: NASA, ESA,
HEIC and The Hubble Heritage Team)
waarneembaar in zichtbaar licht, maar infrarood en vooral radio tonen de
spiraalvormige structuren van de schĳf heel duidelĳk. Het centrum van de
Melkweg ligt op een afstand van 8 kiloparsec (2.5 × 1017 km) van onze Zon
en wordt aangeduid met de radio bron Sagitarius A∗.
Witte Dwergen
Bĳ normale “Main-sequence” sterren zoals de Zon is er een hydrostatisch
evenwicht. De zwaartekracht die de ster in elkaar trekt en de thermische
druk die ontstaat door fusie van waterstof tot helium in de kern zĳn in
evenwicht. Dit blĳft niet onbeperkt doorgaan want na miljarden jaren is
de waterstof op, zo is bĳvoorbeeld de Zon op dit moment 4,6 miljard jaar
oud en halverwege haar brandstofvoorraad. Witte dwergen zĳn de laatste
evolutionaire status van alle sterren met een massa tussen 0.1 en 10M. Er
vinden in de kern van witte dwergen geen fusie processen meer plaats, waar-
door er niet genoeg druk is om het hydrostatisch evenwicht te behouden en
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de ster samengetrokken wordt als gevolg van de zwaartekracht. De tem-
peratuur stĳgt doordat de kern van de ster samentrekt tot een bol van
koolstof en zuurstof. De bol wordt verder samengetrokken tot er een balans
is tussen de druk en de zwaartekracht. Tĳdens de eindfase van het leven
van een ster zal eerst de buitenste laag worden afstoten, wat voor millennia
te zien blĳft als een planetaire nevel, zoals bĳvoorbeeld de Kattenoognevel
in Fig. 3. Van de ster blĳft een gloeiende kern over met ∼60% van de totale
massa van de Zon maar met grootte van de Aarde, dus met een zeer hoge
dichtheid van ρ ∼109 kg/m3 (vergelĳkbaar met het gewicht van een walrus
in een suikerklontje). Er vinden in de kern van een witte dwerg geen fusie
processen meer plaats, dus witte dwergen koelen langzaam af omdat er geen
energiebron meer is, net als een “kopje thee” dat steeds langzamer afkoelt.
Hun helderheid komt van de langzaam uitgestraalde thermische energie.
Witte dwergen zĳn blauw en heet, maar zĳn intrinsiek minder helder dan
gewone sterren omdat ze kleiner zĳn, waardoor alleen witte dwergen kunnen
worden waargenomen die relatief dichtbĳ staan. Als een witte dwerg net
“geboren” is, zĳn ze wel 100 000 graden, maar de meeste witte dwergen die
worden waargenomen hebben een typische temperatuur tussen de 10 000 en
30 000 graden. Door de leeftĳd van onze Melkweg hebben de meeste witte
dwergen nog niet genoeg tĳd gehad om helemaal af te koelen, er zĳn daar-
door nauwelĳks witte dwergen koeler dan 4 000 graden waargenomen.
Het binnenste van witte dwergen is samengesteld uit koolstof en zuurstof,
maar het enige waarneembare deel van witte dwergen blĳft de buitenkant,
of “atmosfeer”. In deze buitenste laag bevindt zich het lichtste element dat
aanwezig is in de witte dwerg omdat de zwaartekracht de elementen scheidt
in de witte dwerg en de zwaarste elementen naar de kern zinken. Door spec-
troscopisch onderzoek zĳn er verschillende type witte dwergen bekend, ten
gevolge van de samenstellingen van de atmosfeer. Van alle witte dwergen
heeft 85% waterstof absorptielĳnen in het spectrum, deze witte dwergen
krĳgen het label “DA” als ze een buitenste laag van waterstof hebben. De
absorptielĳnen van witte dwergen zĳn opvallend breed vergeleken met de
normale sterren, zoals te zien is in Fig. 4.4. Dit komt doordat de druk op
het oppervlak van witte dwergen zeer hoog is ten gevolge van de hoge tem-
peratuur en zwaartekracht.
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Figure 4: Artist impressie van een compacte dubbelster waarin materiaal
naar de zwaartste ster (de linkse) wordt getrokken ( c©David A. Hardy
www.astroart.org).
Compacte Dubbelsterren
De Zon is een enkele ster, maar het is niet ongebruikelĳk dat twee sterren
dicht bĳ elkaar staan. Een dubbelster is een systeem dat bestaat uit twee
sterren die door de zwaartekracht aan elkaar gebonden zĳn. Ze kunnen
als paar worden geboren, en dichterbĳ elkaar komen als de waterstof van
de zwaarste ster op is. Op dat moment zet de buitenlaag uit en komt de
minder zware ster in de mantel van de zwaarste. Door wrĳving verliest het
dubbelster-systeem impulsmoment en neemt de afstand tussen de twee ster-
ren af. Compacte dubbelsterren staan zo dicht bĳ elkaar dat we ze meestal
als één ster waarnemen, zelfs door de grootste telescopen. Ze kunnen wor-
den ontdekt als een van de twee sterren voor de andere gaat. Tĳdens deze
eclips verandert de helderheid van het systeem. Met behulp van spectro-
scopie kan dan worden bevestigd dat het inderdaad gaat om een compacte
237
Samenvatting
dubbelster.
Compacte dubbelsterren bestaan uit twee opgebrande sterren in een
nauwe baan rond een gemeenschappelĳke zwaartepunt. Deze baan heeft
een grootte van ongeveer de aftand van de Aarde tot de maan, en een baan-
periode van een paar uur. Als componenten in dubbelster-systemen dicht
genoeg bĳ elkaar staan kan de zwaartekracht de buitenste lagen vervor-
men, en in sommige gevallen kan er massa worden uitgewisseld. Door de
zwaartekracht wordt massa van de lichtste naar de zwaarste ster getrokken,
deze valt via een “accretieschĳf” op de atmosfeer van de zwaarste ster zoals
is weergegeven in Fig. 4. Een voorbeeld van dubbelster-systemen waarbĳ
materiaal uitgewisseld wordt zĳn “Cataclysmische Variabelen (CVs)”.
Een ander voorbeeld van accreterende dubbelster-systemen zĳn “AM
Canum Venaticorum sterren (AM CVn’s)”. AM Canum Venaticorum ster-
ren zĳn vernoemd naar ster AM in het sterrenbeeld Jachthonden. Typische
kenmerken van AM CVn sterren zĳn de aanwezigheid van sterke helium
lĳnen en de afwezigheid van waterstof lĳnen in hun spectra. AM CVn ster-
ren zĳn compacte dubbelsterren die bestaan uit twee opgebrande sterren,
waarbĳ er massaoverdracht is van de helium-rĳke donor naar de zwaardere
metgezel (de accretor). AM CVn sterren hebben een zeer korte omlooptĳd
tussen de 5 minuten en een uur, en deze neemt toe tĳdens de evolutie van
de systemen. Tot nu toe zĳn er slechts 38 AM CVn sterren bekend, en het
vinden van meer AM CVn’s is als het vinden van een speld in een hooiberg.
AM CVn sterren worden gevonden door hun typische blauwe kleur en vari-
abele kenmerken. De combinatie van de blauwe filters en het helium filter
maakt UVEX zeer geschikt voor het vinden van nieuwe AM CVn’s.
Melkweg Surveys
Al honderden jaren is bekend dat de gloeiende band aan de nachtelĳke hemel
uit ontelbare zwakke sterren bestaat. Galileo trok deze conclusie al toen hĳ
zĳn telescoop gebruikte om de Melkweg te bekĳken. William Herschel ge-
bruikte een grotere telescoop om de Melkweg ster voor ster in kaart te
brengen. Afgelopen honderd jaar is met behulp van fotografische platen de
Melkweg gefotografeerd, maar door het grote aantal sterren was dit enorm
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Figure 5: De Melkweg boven de William Herschel Telescoop (WHT)
op La Palma. (credits: Babak Tafreshi/The World at Night
(www.twanight.org))
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veel werk. Sinds de uitvinding van de computer en de digitale camera is het
mogelĳk dit monnikenwerk te vermĳden. Door de gloeiende band van de
Melkweg op te delen in losse “velden” kan van losse foto’s een mozaïek van
de Melkweg worden gemaakt, vergelĳkbaar met de manier waarmee Google-
Streetview straten in kaart brengt. Om de totale noordelĳke Melkweg van
ongeveer 1 800 vierkante graden te dekken is deze verdeeld in een raster
van “velden” met kleine overlap. De surveys waar dit proefschrift over gaat
hebben de Melkweg die te zien is vanaf het noordelĳk halfrond opgedeeld
in 7635 velden, elk met een grootte van 0,29 vierkante graden.
De Europese Melkweg Surveys (EGAPS) bestaat uit verschillende pro-
jecten die gezamenlĳk de Melkweg in kaart brengen. Het noordelĳke deel
van EGAPS worden gerealiseerd door de surveys IPHAS 1 en UVEX. Vanaf
het noordelĳk halfrond is slechts de halve schĳf van de Melkweg te zien om-
dat we niet over de horizon kunnen kĳken. De andere helft van de Melkweg
zal vanaf Chili door VPHAS+ met de VLT Survey Telescope (VST) gedaan
worden. Vanaf La Palma worden met behulp van de Isaac Newton Tele-
scoop (INT) foto’s van de Melkweg gemaakt in verschillende kleurenfilters.
Het doel is om vanaf La Palma de halve Melkweg te fotograferen zodat
we uiteindelĳk een multicolour mozaïek van de Melkweg kunnen maken,
waarbĳ we kunnen inzoomen tot de zwakste sterren. EGAPS zal een boog
van 10 graden breed, gecentreerd op de Galactische equator, fotograferen
in de U , g, r, i, Hα en HeI kleurenfilters. In totaal moeten we met de
Isaac Newton Telescoop per kleurenfilter 7 635 foto’s nemen, plus nog eens
7 635 extra “offset” foto’s die nodig zĳn ter controle. Alle velden worden
twee keer waargenomen om fouten op de foto’s eruit te kunnen filteren.
Per foto kan het aantal sterren oplopen tot vele duizenden, en uiteindelĳk
staan er zo’n 200 miljoen sterren op de multicolour mozaïek. De Wide Field
Camera (WFC) die wordt gebruikt heeft 4 chips met elk 8 megapixels en
fotografeert per keer een stukje aan de hemel ongeveer zo groot als de Maan.
De UVEX survey brengt de Melkweg in kaart met behulp van vier ver-
schillende kleurenfilters U , g, r en HeI. UVEX staat voor “UV-EXcess Sur-
vey of the Northern Galactic Plane”. De waarnemingen voor UVEX zĳn
begonnen in juni 2006 met behulp van de Wide Field Camera op de 2,5
1IPHAS en UVEX websites: http://www.iphas.org en http://www.uvexsurvey.org
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meter Isaac Newton Telescope op La Palma. De kleurenfilters laten re-
spectievelĳk slechts het blauwe licht, groene licht, rode licht, of het licht
van helium op 587 nm door. Het maken van een enkele foto duurt langer
dan bĳ een normale camera zodat van alle sterren genoeg licht verzameld
wordt, waardoor ook de zwakste sterren zichtbaar worden. Voor UVEX zĳn
de sluitertĳden 30 seconde voor de r- en g-filters, 1 minuut voor het U -filter
en 3 minuten voor hetHeI-filter, en daarna moeten steeds alle pixels worden
uitgelezen. Daardoor duurt het maken van een foto in 4 kleuren ongeveer 8
minuten. De UVEX survey is verder volledig beschreven in hoofdstuk 2 van
dit proefschrift. Het rode deel van het optische elektromagnetisch spectrum
van de Melkweg wordt in kaart gebracht door IPHAS, door middel van drie
verschillende kleuren filters r, i en Hα. IPHAS staat voor “INT/WFC Pho-
tometric Hα Survey of the Northern Galactic Plane Survey” en startte een
paar jaar eerder dan UVEX, in augustus 2003.
De Isaac Newton Telescoop (INT) is, samen met de William Herschel
Telescoop (WHT), onderdeel van de Isaac Newton Group2 (ING). De Isaac
Newton Telescoop bevindt zich op een van de mooiste plekken op Aarde,
2 396 meter boven de zeespiegel op de Roque de los Muchachos op La
Palma. De INT is een grote Cassegrain (spiegel) telescoop met een pri-
maire spiegel van 2,54 meter diameter en een brandpuntsafstand van 7,5
meter. De nauwkeurigheid van de telescoop is ongeveer 0,3 arcsec. Per
nacht neemt de Wide Field Camera ∼30GB aan UVEX data. Deze data
worden gereduceerd en bewaard in Cambridge. De sterren op de foto’s wor-
den met behulp van de computer automatisch gevonden en in een tabel gezet
waardoor uiteindelĳk per veld een lĳst met sterren overblĳft met voor elke
ster o.a. een rechte klimming en declinatie en een “magnitude” (helderheid)
in de 4 verschillende kleurenfilters.
Waarom UV-excess bronnen in de Melkweg?
In het vlak van de Melkweg maken de grote aantallen sterren in combinatie
met interstellair stof het moeilĳk om witte dwergen en compacte dubbel-
sterren waar te nemen. In EGAPS zĳn witte dwergen te identificeren aan
de hand van hun blauwe kleuren en sterke waterstof en helium emissie of ab-
2ING website: http://www.ing.iac.es/
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sorptie lĳnen. Doordat ze een intrinsiek zwakke helderheid hebben kunnen
we alleen witte dwergen waarnemen die relatief dichtbĳ staan. Op dit mo-
ment zĳn er ongeveer enkele tienduizenden witte dwergen bekend, maar die
bevinden zich vooral buiten het vlak van de Melkweg. EGAPS zal ongeveer
tienduizend nieuwe witte dwergen vinden in het vlak van de Melkweg. Dit
is een belangrĳk deel van de totale populatie, en dit deel is nodig om de
evolutie van onze Melkweg nauwkeurig te kunnen bepalen.
Compacte dubbelsterren zĳn interessant omdat het de ultieme voor-
beelden zĳn van systemen waar allerlei extreme fysica plaatsvind. De twee
componenten van de dubbelster gaan door de laatste fases van het leven van
een ster, waarover nog maar weinig bekend is. Voor enkele sterren is het niet
mogelĳk om alle eigenschappen direct te bepalen. Voor compacte dubbel-
sterren is het wel mogelĳk om verschillende eigenschappen direct te bepalen
door de interactie tussen de twee sterren in de dubbelster. Een andere reden
waarom compacte dubbelsterren interessant zĳn is omdat ze impulsmoment
verliezen in de vorm van zwaartekrachtsgolven. Zwaartekrachtsgolven ver-
vormen ruimte-tĳd, terwĳl ze zich vanuit de dubbelster steeds verder naar
buiten verplaatsen. Op dit moment is er slechts indirect bewĳs (Hulse-
Taylor pulsar) voor het bestaan van gravitatiegolven, omdat het zwakke
signaal moeilĳk te detecteren is. Projecten zoals ELISA (Laser Interfer-
ometer Space Antenna) zullen gevoelig zĳn voor de zwaartekrachtsgolven
uitgezonden door dubbelsterren die in EGAPS zullen worden gevonden.
Dit proefschrift
Hoofdstuk 1 van dit proefschrift geeft een inleiding tot de onderwerpen die
in dit proefschrift worden besproken. Deze is in het Engels en is uitgebrei-
der dan de Nederlandse samenvatting.
Hoofdstuk 2 geeft een technische beschrĳving van de UVEX survey. De
UVEX survey neemt met behulp van de Isaac Newton Telescoop (INT) op
La Palma foto’s van de Melkweg met vier verschillende kleurenfilters. In
hoofdstuk 2 worden de kleuren van normale “Main-sequence” sterren, witte
dwergen, Cataclysmische Variabelen en AM CVn sterren voor deze filters
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gesimuleerd. Door stof in de Melkweg lĳken sterren in de UVEX data iets
roder dan ze in werkelĳkheid zĳn. De effecten van deze verroding worden
in de simulaties meegenomen. Tenslotte wordt in hoofdstuk 2 de eerste
UVEX survey data gepresenteerd en vergeleken met de simulaties.
In hoofdstuk 3 worden bronnen die veel blauwer zĳn ten opzichte van de
normale sterren geselecteerd met behulp van een geautomatiseerde meth-
ode. Door de kleuren van alle sterren op de eerste 726 foto’s (211 vierkante
graad) van de UVEX survey met elkaar te vergelĳken levert een lĳst op
met 2 170 “UV-excess bronnen” (hele blauwe sterren), 9 872 redelĳk blauwe
sterren, en 803 blauw-paarse sterren. De eigenschappen van de sterren in
deze 3 samples worden gepresenteerd en er wordt gekeken of er sterren zĳn
die ooit eerder zĳn waargenomen door andere projecten.
In hoofdstuk 4 wordt de spectroscopie van 132 UV-excess bronnen uit
hoofdstuk 3 gepresenteerd. Met de William Herschel Telescoop (WHT, Fig.
5) op La Palma worden met de ISIS spectrograaf de spectra genomen. Uit
deze spectra blĳken de UV-excess bronnen voornamelĳk witte dwergen en
compacte witte dwerg dubbelsterren te zĳn. Door de genomen spectra te
vergelĳken met model spectra worden de temperatuur, de zwaartekracht
op het oppervlak van de witte dwerg, en de verroding ten gevolge van het
stof in de Melkweg voor elke witte dwerg apart bepaald. Met de resultaten
van de spectroscopie is nu bekend welke verhouding kleuren de verschillende
type bronnen hebben in de UVEX survey.
In hoofdstuk 5 wordt uit de UVEX data het aantal witte dwergen dat
zich om ons heen bevindt afgeleid, en de hoeveel witte dwergen die er per
jaar bĳkomen in de Melkweg wordt bepaald. Met behulp van de UV-excess
bronnen uit hoofdstuk 3 en simulaties wordt geconcludeerd dat alle witte
dwergen in de UVEX survey binnen een afstand van ∼1 kpc liggen, wat
relatief dichtbĳ is. Het aantal witte dwergen heter dan 10 000 graden in de
buurt van de Zon is gemiddeld (3.8 ± 1.1) × 10−4 per pc3. Dit is ongeveer
100 miljoen in de hele Melkweg, aannemende dat er overal ongeveer evenveel
witte dwergen zĳn. Om te berekenen hoeveel sterren er per jaar bĳkomen
wordt gekeken naar het aantal heetste witte dwergen in deUVEX data. Om-
dat witte dwergen “als een kopje thee” afkoelen is bekend dat alle witte dw-
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ergen koeler dan 20 000 graden ouder zĳn dan ongeveer 100 miljoen jaar, de
witte dwergen die heter zĳn dan 20 000 graden zĳn dus gedurende afgelopen
100 miljoen jaar geboren. Weer aannemende dat er overal in de Melkweg
steeds ongeveer evenveel witte dwergen bĳkomen, kan worden geconcludeerd
dat er ongeveer elke 10 jaar een nieuwe witte dwerg geboren wordt in de
hele Melkweg.
In hoofdstuk 6 wordt gekeken naar de infrarood data van de UV-excess
bronnen uit hoofdstuk 3. Enkele witte dwergen zĳn niet helder in de rode
kleuren. Toch hebben meerdere van de in UVEX geclassificeerde witte dw-
ergen een duidelĳk infrarood-excess. Dit is mogelĳk als een witte dwerg een
rode normale ster als metgezel heeft die wel helder is het infrarood maar
niet helder is in de kleuren van UVEX. Minstens een op de vĳfentwintig
hete witte dwergen uit hoofdstuk 3 is daarmee een witte dwerg-rode dwerg
dubbelster systeem. Doordat de twee sterren in een dubbelster systeem zo
dicht bĳ elkaar staan, terwĳl ze ver van ons af staan, lĳken ze één ster
in de data. Er wordt in hoofdstuk 6 ook gekeken naar witte dwergen die
helder zĳn in het ver-infrarood. Deze witte dwergen hebben mogelĳk een
metgezel, of “companion”, die veel kouder is dan een normale ster. Zo’n
metgezel wordt ook wel bruine dwerg genoemd. Ongeveer een op de vĳftig
hete witte dwergen heeft zo’n koude metgezel. Een andere verklaring van
het ver-infrarood licht is dat zich om deze witte dwergen een schĳf van puin
en gas bevind. Deze schĳf van puin en gas waren ooit de planeten uit de
tĳd dat de witte dwerg nog een normale ster was. Per toeval wordt ontdekt
dat 6 UV-excess bronnen uit hoofdstuk 3 die helder zĳn in het ver-infrarood
geen sterren zĳn, maar de kernen van verre sterrenstelsels.
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Figure 6: Dit sieraad in de Melkweg is een van de ontdekkingen van
IPHAS: “De Halsbandnevel”. Deze planetaire nevel met een doorsnede van
een half lichtjaar ontstond ongeveer 5 000 jaar geleden. (credits: Romano
Corradi, IAC and IPHAS)
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